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Th© decom position  charact© ris t i c s o f  t i n  bnonces have 
been examined by moans o f  techniques adap ted  from th o se  used  
to  s tu d y  s t e e l  tran sfo rm atio n s*  The predominant method 
o f  in v e s t ig a t io n  has been the use  o f  a s p e c ia l  end-quench 
t e s t ,  Incorporating subsequent microhardness measurement.
Trie r e s u l t s  o f  t h i s  t e s t  have been  a m p lif ie d  by th e  d e te r ­
m in a tio n  o f  th e  iso th e rm a l transform ation curve fo r  a 
2h*r&n a l lo y  and th e  c o r r e la t io n  th e reb y  o b ta in ed  f o r  tran s­
form ation c h a r a c t e r i s t i c s  u nder b o th  continuous and iso th e rm a l 
c o n d i t io n s •
I t  lias been sh o rn  th a t  5
(a) L a t t ic e  s t r a in .a n d  supersaturatio n  e f f e c t s  
seem to  account s a t i s f a c t o r i l y  fo r  the' 
bo lm viour o f  a l lo y s  w ith  d i f f e r e n t  t i n  
c o n te n ts  and a l lo y in g  a d d i t io n s ;
(b) 11 e t a 1lo g rap h ic  ev idence f o r  th e  e u te c to id a l  
nature o f  tlie /i  -  V r e a c t io n  has been d i s ­
p roved , and a seco n d -o rd e r r e a c t io n  shown 
to  be more l i k e ly ;
(c) Observed sub-boundsry phenomena p o ssess 
ch aracter istic©  which a re  o f  Im portance 
in  th e  assessm en t o f  the ro le  p layed  by 
p olygon !sa tlon  in  the. transform ation o f
m etals*
D isc rep an c ie s  observed d u rin g  micr*ohar&ness t e s t in g  
a t  low loads m y  in d ic a te  th a t  low -load  d e v ia tio n s  a re  th e  
ru le r a th e r  th a n  th e  exception*
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INTRODUCTION.
The p resen ce  o f  a c o n s t i tu e n t  o f  th e  V -b ra s s  type in  
th e  m icro s t r u c tu r e  o f  copper-base  a l lo y s  I s  a lm ost in v a r ia b ly  
a s s o c ia te d  w ith  i n f e r i o r  m echanical p ro p e r t ie s .  The 
com position  a t  w hich t h i s  c o n s t i tu e n t  appears th e re fo re  
v i r t u a l l y  c o n tro ls  th e  l im i t in g  p ercen tag e  o f  s o lu te  th a t  
can be added to  an  a l lo y  in ten d ed  f o r  commercial u se .
A lthough t h i s  l im i t in g  percen tag e  can be r a is e d  by en su rin g  
a ju d ic io u s  d i s t r i b u t io n  o f  th e  d e le te r io u s  p hase , c o p p e r - t in  
a l lo y s  a re  e m b r it t le d  a t  q u ite  low t i n  co n ten ts  due to  a 
com bination  o f  f a c to r s ;  n o ta b ly  a marked tendency to  
s e g re g a tio n  d u rin g  c o o lin g  and e u te c to id a l  decom position  
o f  th e  ft phase .
The jb phase i s  s tro n g  and d u c t i l e , a nd.rt.~p a l lo y s  in  
th e  c o p p e r - t in  system  would e x h ib i t  d e s ira b le  com m ercial 
p ro p e r t ie s  i f  th e  ft phase were s ta b le  a t  room te m p era tu re , 
as in  th e  co p p e r-z in c  system . The prim ary o b je c t  o f  th e  
p re se n t in v e s t ig a t io n  was th e re fo re  based on th e  s t a b i l i s a t i o n  
o f  th e  ft phase by means o f  a l lo y in g  and h e a t- tre a tm e n t. 
L i te ra tu re  r e s e a rc h  and i n i t i a l  experim ents in d ic a te d  th a t  
th e re  e x is te d  a n e g l ig ib le  p o s s i b i l i t y  o f  s t a b i l i s i n g  th e  P
pirns© to  an  a p p re c ia b le  e x te n t w h ile  r e ta in in g  t i n  as  th e  
b a s ic  s o lu te  e lem en t. I t  was th e re fo re  decided  to  
c o n c e n tra te  on an  e v a lu a t io n  o f  th e  decom position  c h a ra c te r ­
i s t i c s  o f  b in a ry  and l i g h t l y  a l lo y e d  t in -b ro n z e s *
The su c cess  o f  Iso th e rm a l methods in  th e  Cu-AX and 
Cu-Be system s suggested- a  s im ila r  te ch n iq u e , b u t th e  work 
inv o lv ed  in  d e te rm in in g  tra n s fo rm a tio n  curves f o r  a  la rg e  
number o f  a l lo y s  would have been p ro h ib itiv e *  Recourse was 
th e re fo re  made to  th e  analogous problem  encountered  when a 
qu ick  metliod o f  a s c e r ta in in g  th e  h a r d e m b i l i ty  o f  s t e e l s  
was re q u ir e d , o th e r  th a n  th e  com plete d e te rm in a tio n  o f  many 
TTT curves* A v a r ia n t  o f  th e  Jominy End-Quench T ost was 
th e re fo r e  c o n s id e re d .
I t  was f e l t ,  how ever, t h a t  th e  norm al m acro-hardness 
t r a v e r s e s  would be to o  in s e n s i t iv e  In  t i l l s  c a s e , as sm all 
v a r ia t io n s  i n  s t r u c tu r e  a t  d i f f e r e n t  co o lin g  r a te s  m ight 
r e f l e c t  c o n s id e ra b le  d if fe re n c e s  In  s t a b i l i t y ;  f u r th e r ,  
th e  h ard n ess  o f  a  m ix tu re  o f  phases such  as u s u a l ly  occur 
In  any g ra d ie n t quench i s  n o t a sim ple p ro p e rty  o f  th e  
a l lo y .  1 lie ro - lia rd n e ss  t r a v e r s e s  were th e re fo re  co n s id e red .
I t  was hoped t h a t  th e  u se  o f  m icro-im ndness t e s t i n g  m ight 
p rov ide  s u f f i c i e n t  in fo rm a tio n  about in d iv id u a l phases o r  
phase n ix tx ire s  to  o b ta in  c o r r e la t io n  o f  iso th e rm a l and 
con tinuous tra n s fo rm a tio n  b eh av io u r in  one a l l o y ,  th u s
a llo w in g  an  ex tended  in te r p r e t a t i o n  o f  th e  tra n s fo rm a tio n s  
o c c u rr in g  in  o th e r  end-quenched, a l lo y s .
E le c tro  p o lis h in g  te ch n iq u es  were developed in  o rd e r  to  
avo id  s t r a i n  d u rin g  th e  p re p a ra t io n  o f  th e  specim en su rfa c e s  
and f a c i l i t a t e  m icrohardness t e s t in g .
E xam ination o f  th e  r e s u l t s  o b ta in ed  showed th a t  some o f  
th e  ex p e rim en ta l evidence m ight be o f  im portance in  the  
a p p r a i s a l  o f  phenomena in d i r e c t ly  lin k e d  w ith  th e  main o b je c t  
o f  th e  p re s e n t in v e s t ig a t io n .  The l i t e r a t u r e  re s e a rc h  was 
th e re fo re  ex tended  to  co v er th e  a n c i l l a r y  f i e ld s  o f  sub­
boundary phenomena, and th e  n a tu re  o f  th e  ft -V r e a c t io n  in  
th e  Cu-Sn system .
In  accordance w ith  the development o f  the in v e s t ig a t io n ,  
th e  d e s c r ip t io n  and in te r p r e t a t i o n  o f  th e  r e s u l t s  and 
p rev ious work have been  a rran g ed  in  the fo llo w in g  sequence:
P rev ious work on th e  decom position  on quenching and 
ikrnvT
tem pering  b in a ry  andAt i n  bronzes i s  review ed, fo llow ed  by 
a d e s c r ip t io n  o f  th e  c h a r a c te r i s t i c s  o f  iso th e rm a l and 
con tinuous co o lin g  tra n s fo rm a tio n s  in  o th e r  system s.
Subsequent s e c tio n s  d e a l w ith  d e s c r ip t io n s  o f  th e  
developm ent o f  ap p a ra tu s  and te c h n iq u e s , to g e th e r  w ith  
d e t a i l s  and d is c u s s io n  o f  th e  r e s u l t s  o b ta in ed .
The f i n a l  s e c t io n s  d e a l w ith  the s ig n if ic a n c e  o f  the
r e s u l t s  i n  th e  c o n te x t o f  n o n -fe rro u s  tra n s fo rm a tio n s , sub- 
boundary phenomena, and th e  ft -V r e a c tio n .
K icrohardness T es tin g  and E le c tro p o lis h in g  procedures 
a re  d e s c r ib e d .in  ap p en d ices .
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G. V. K a y n o k , Institute o f Metals (Annotated Equilibrium Diagram Series, No. 2), 1944.
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f v i o r  to  1930 any In fo rm atio n  on m n ^ e q u ilib r iu m  
fcrsm form fcion  c ta m e b e r is b ie s  e x is te d  s o le ly  a s  im ld o n ta l  
e f f e c t s  no to d  d u r in g  th e  d e te r a i im tio m  o f  th e  Cn~3n 
e q u ilib r iu m  diagram*. F o r  example* to p ic a l  f a c t s  m te d  by 
cxpoxdmonbers o f  th e  e a r ly  p e r io d  wore th o  com position  and 
tem p era tu re  l im i t s  d o te m to la g  th e  o b se rv a tio n  o f  an  
a e le u la r  o r  s t r i a t e d  m lo ro s tm o tn ra l  appearance o f  th e  
phase* (T ab le XXI)*
A s u b je c t  a ro u s in g  much co n tro v e rsy  m s  tb s  'o b se rv a tio n
I***
o f  * reaction bands11, a  to m  o r ig in a te d  by lloy tD in  1913*
Those bands c o n s is te d  o f  a  d ark  b lue*  p r a c t i c a l l y  i r r e s o lv a b le  
te n d  surrounding p a r t i c l e s  o f  °* i n  s t r u c tu r e s  quenched from 
d u p le x * ♦(* reg ions*  . S in ce  th e s e  te n d s  wore observed  more 
f re q u e n tly  i n  a l lo y s  quenched below  S80°Q# i t  was su g g ested  
that th e  r e a c t io n  bands m ight be duo to  a p a r t i a l l y  in h ib i te d  
t a c t i o n  a s s o c ia te d  w ith  th e  586° a r r e s ts *
I t  w as , ■ however a p o in te d  o u t by Hansom^ (1921) th a t  
th e  te n d s  m ight be  a s s o c ia te d  w ith  th e  (* ♦&) on tec  to  id  reaction*
and to  c o n f im  t h i s  h y p o th e s is  s e v e ra l  a l lo y s  were annealed  
a t  560°C f o r  20-24 hours and th e n  quenched in  ice-w a ter*  
R eac tion  bands were s t i l l  i n  ev idence and i t  was argued th a t  
had th e  bands been  due to  a r e a c t io n  a t  586°C , 20-24 hours 
a t  560° sh o u ld  have s u f f ic e d  to  com plete th e  r e a c t io n ,
S to c k d a le ^  (1925) and R a p e r^  (1927) e s ta b l is h e d  th a t  
th e  p resence  o f  r e a c t io n  bands was p rep o n d e ran tly  a fu n c tio n  
o f  th e  r a t e  o f  cooling* S tockda le  observed  e x te n s iv e  
r e a c t io n  bands i n  a specim en w hich was in a d v e r te n tly  h e ld  
up fo r  some seconds du rin g  th e  t r a n s f e r  from fu rn ace  to  
quenching b a th . Subsequent c o n tro l le d  d e lay s showed th a t  
th e  r e a c t io n  bands developed in  p ro p o rtio n  to  th e  d e lay  time* 
Raper came to  a s im ila r  co n c lu s io n  a f t e r  exam ination  o f  
specimens quenched in to  a le s s  d r a s t i c  quenching medium 
such as b o i l in g  w a te r.
I t  became g ra d u a lly  ap p aren t th a t  sp u rio u s s t r u c tu r e s  
could  be o b ta in e d  by u s in g  an i n e f f i c i e n t  quenching p ro ced u re , 
and Hamsumi and N is h ig o r i^  (1931) dem onstrated  th a t  duplex 
s t r u c tu r e s  o b ta in ed  by Carson”^ (1929) and la b e l le d  
cou ld  be avoided  by th e  u se  o f  m ercury o r  iced  b r in e  as 
quenching m edia. In  tu r n ,  th e  (fi+f) s t r u c tu r e s  o b ta in ed  
by Hamasumi and N lsh ig o ri a ls o  appear to  bo due to  I n e f f i c i e n t  
quenching. Isaw a^0 (1937) commented on th e  p resence o f  
n u c le i  in  quenched h ig h  t i n  b ronzes (23/0 and su g g ested  th a t
t r o o s t i t i e  p* (very  dark  e tch in g ) was in  r e a l i t y  a f in e ly  
d iv id ed  m ix ture  o f  th e  JT p r e c ip i ta t in g  du rin g
quenching*
I n t e r e s t  in  n o n -eq u ilib riu m  tran sfo rm a tio n s  in  non- 
fe r ro u s  a l lo y s  was s tim u la te d  by th e  iso th e rm al re se a rch es  
o f  Davenport and B ain  on s te e l*  S tu d ie s  on Cu-Sn a l lo y s ,  
made alm ost e x c lu s iv e ly  by Japanese and R ussian  in v e s t ig a to r s ,  
can be d iv id e d  in to  fo u r m ajor s e c t io n s :
(A) Continuous C ooling T ransfo rm ation
Experim ents 5
(B) Iso th e rm a l Trans fo rm ation
E xperim ents;
(C) An Exam ination o f  th e  M a rte n s itic
S tru c tu re  in  Cu~3n a l lo y s ;
(D) The E f fe c t  o f  Tempering quenched
a l lo y s .
This work w i l l  now be examined In  d e t a i l ,
(A) Continuous Coo linn: T ransfo rm ation  Experim ents ;
Imai and O b in a ta ^  (1930) and Xsawa^ClOS?) used an end- 
quenching tech n iq u e  in  o rd e r  to  supplem ent t h e i r  quenching 
and tem pering  ex p erim en ts . Ho a ttem p t was made to  
I n v e s t ig a te  the  e f f e c t  o f  d i f f e r e n t  t in - c o n te n ts  o r  a l lo y in g  
e lem en ts, and th e s e  p u re ly  q u a l i t a t iv e  t e s t s  c o n s is te d  sim ply  
o f  th e  imm ersion o f  one th i r d  o f  a h ea ted  b a r  in to  w a te r 
vrhlle su rround ing  th e  o p p o s ite  end w ith  a sb e s to s  wool.
p f t
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K X erog raph ic# H ardness f sad  E le c t r i c a l  R es is tan ce
<r»*SF
g ra d ie n ts  a s s o c ia te d  w ith  th e  t e s t s  maclo by Isawa*** ape
dxm x in  Fig* 1* I t  i s  o f  in te r e s t  to  compare too  
ea;.perimontaX do t a i l s  o f  too  so r e scare  bos v&to tlio so  d o tor-  
mined In d ep en d en tly  for- to o  • p re s e n t work (S e c tio n  112} * Aa 
in d ica ted  in  fa b le  X, there i s  a remarkable s im ila r ity  
betw een t i n  v a r io u s  ogperliadnfco*
Co&norldon o f  S n ro r i 'so n ta l R e ta i ls  R e la tin g  
to  End • werchlnf* frooodiro*.
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F o r t Im 83^ A lloy  r a n te r s  1 t i e  nood les were observed  a t  
th e  qraanshod end . An in te rm e d ia te  sone slsowed a  b lan k  
phase* th a n  d ark  e tc h in g  m a te r ia l*  fo llow ed  by an  (**?) 
f i x t u r e  * and f i n a l l y  t r a c e s  o f  *  a t  tlio  slow coo led  one!*
Xisai and O h im ta  concluded tb&fc th e  a c ic u l a r  s t r u c tu r e  
o f  m r to n s i t o  co u ld  n o t have been  duo to  I n c ip ie n t  oc
p r e c ip i t a t io n  s in c e  a b lan k  s t r u c tu r e  was o b ta in ed  a t  low er 
coo linn; r a t e s .  The h ard n ess  o f  th e  b lank  s t r u c tu re  was 
h ig h  and i t  was th e re fo re  co n sid ered  th a t  t h i s  b lank  s t r u c tu r e  
was an in te rm e d ia te  phase term ed jJ1. (This shou ld  no t be
in te r e s t i n g  assum ption  made as a c o ro l la ry  to  t h i s  co n c lu s io n  
was th a t  th e  a c ic u la r  n a tu re  o f  m a rte n s !to  was due to
The decom position  sequence as in d ic a te d  by th e  end»quenched 
b a rs  was ta k e n  to  b e :
The im p lic a tio n  was made th a t  th e  p roducts a t  low 
co o lin g  r a te s  were o b ta in ed  by p ass in g  th rough  a continuum 
o f  in te rm e d ia te  r e a c tio n s  and Isawa con tinued  t h i s  l in o  o f  
a t ta c k  by c o n s id e r in g  th a t  th e  changes on tem pering quenched 
a l lo y s  conformed to  a s im i la r  p a t te r n  (Pig* 2 ) .  (D e ta iled  
r e s u l t s  on tem pering  a re  d isc u sse d  in  S ec tio n  I~D.
(B) Iso th e rm a l T ransfo rm ation  Experim ents :
Only one p rev io u s  r e p o r t  o f  i s o th e m a l  tra n s fo rm a tio n  
in  Cu-Sn a l lo y s  could  be tra c e d . Verb‘S (1934) co n sid ered  
th a t  divorcem ent o f  c o n s t i tu e n ts  was re sp o n s ib le  f o r  th e
confused w ith  th e  p re se n t use o f  |&* f o r  m a r te n s ! to .) The
in c ip ie n t  p r e c ip i t a t io n  o f  f The dark  e tc h in g  m a te r ia l  
was c o n s id e red  to  be a n o th e r  in te rm e d ia te  phase term ed JV*.
f<,-9 (/upO -5* p ' s
confused r e p o r ts  o f  e u te c to id  s t r u c tu re s  r e s u l t in g  from th e  
f t - Y  r e a c t io n  a t  5 8 6 ° ,  and a ttem p ted  a l im ite d  iso th e rm a l 
in v e s t ig a t io n  o f  t h i s  r e a c t io n .
An a l lo y  c o n ta in in g  25-4^Sn was homogenised fo r  4 hours 
a t  750°C and su b seq u en tly  quenched in to  a le ad  b a th  h e ld  a t  
570°C. T able I I  shows th e  s t r u c tu r e s  o b ta in ed  a f t e r  v a r io u s  
h o ld in g  tim e s .
TABLE I I .
Iso th e rm a l D ecom position o f  23-4$Sn a l l oy a t  57Q°CS®,
r . T r t r  -  n  1 • ii inii i - i r iirTirr.T--. - r - i  r r  ■ - -------- ■  ----------  1~ -— -------------------- 1................... .. ............................. . -------------  — — .......
H olding Time S tru c tu re Comment (Verb)
10 sec 
50 sec
60 3ec 
120 sec 
30 mns
A'
j i1*  ««• 
(i ■+ *■ 
fe+O + <*■
V ot
T o ta l ly  unchanged ma.rtc*s*te
o^ppts as sm a ll narrow  c r y s ta l s  
surrounded by a l i g h t  band
Ho m a r te n s i t ic
Prim ary *  + e u te c to id
Coalescence o f  «  In to  l a r g e r  
a rea s
From th e se  r e s u l t s  Verb concluded th a t  th e re  was 
d e f in i t e  ev idence f o r  e u te c to id  (£*+V) and th a t  th e  co a lescen ce
observed  a f t e r  30 rans was re sp o n s ib le  f o r  r e p o r ts  o f  th e
n o n -e x is ten c e  o f  such  a e u te c to id ,  s in c e  specimens were
norm ally  an n ea led  f o r  long  p e rio d s  in  th e  case o f  e q u ilib r iu m
work.
(C) M a r te n s it ic  S tru c tu re s  in  Copper T in - a l lo y s :
(1) I n te r p r e ta t io n s  o f  th e  n a tu re  
o f  m a r te n s i t ic  s tru c tu re s *
A c ic u la r  o r  s t r i a t e d  s t r u c tu r e s  were observed  in  Cu-Sn 
a l lo y s  long  b e fo re  t h e i r  t r u e  m a r te n s i t ic  n a tu re  was 
acknowledged.
<r>
Ileycock and N eville^ ' make fre q u en t m ention o f s t r i a t e d  
s t r u c tu r e s  (1904) and Hoyt° no ted  th a t  a c ic u la r  s t r u c tu re s  
d id  n o t o ccu r in  (tt+’tf) a l lo y s  below 586°C (1919) •
The tem p era tu re  and com position  l im i ts  w ith in  w hich 
a c ic u la r  s t r u c tu r e s  can be observed on quenching to  room 
tem p era tu re  have been  determ ined  q u ite  a c c u ra te ly  du rin g  
s e v e ra l  e q u ilib r iu m  diagram  d e te rm in a tio n s  and a re  in d ic a te d  
in  Table I I I : -
TABLE I I I .
Tem perature & Com position L im its f o r  A c ic u la r  S tru c tu re s*
Maximum
Com position
Minimum 
Tempera ta r e Nomenc la tu r e R eference
25 i
ocu/<60 /o
25%
24.8/?
mm tm
24.75% 
2 5 .0%
26.1%
590°C
590°C
600°G
586°C
***
625 °C
M a rte n s itic  
S t r i a te d  
M a rte n s itic  
M a rte n s itic  
A c ic u la r  
S t r i a te d  
A c ic u la r
A c ic u la r
C a rs o n ^  1929 
Carson^® 1929 
I s a w a ^  1937 62I  sa ichew&Bugakow 
Hoyt®
Heycock & l l e v i l l e 2
Bauer & - 
V o ile  hbrack * 1
M atsuda^
Some a u th o rs  have used  th e  v a r io u s  te rn s  in d is c r im in a te ly ,  
w h ile  o th e rs  have made a d i s t i n c t io n  between m a r te n s i t ic  and 
s t r i a t e d  s t r u c tu r e s .  Thus Carson^*® co n sid ered  th a t  th e re  
aro  two r e a d i ly  d is t in g u is h e d  s t r u c tu r e s ,  one resem bling  a 
s t e e l  m a r te n s i te , and th e  o th e r  c o n s is t in g  o f  sh a rp  p a r a l l e l  
l in e s  which b ran ch  a b ru p tly  ( s t r i a t i o n s )  •
The fo llo w in g  su g g es tio n s  have been made reg a rd in g  th e
tru e  n a tu re  o f  a c ic u la r  s t r u c tu r e s  j-
(1) I n c ip ie n t  p r e c ip i t a t io n  o f  oc (18,19)
(2) I n c ip ie n t  p r e c ip i t a t io n  o f  V (10 ,11 ,46)
(3) P a r t i a l  p r e c ip i t a t io n  o f  an
in te rm e d ia te  phase (55)
(4) S l ip  bands (13, 46)
(5) M echanical Twinning (74)
(6) S c ra tc h e s  (19,46a)
(7) M a rte n s itc  (61-67)
1RCarson co n s id e red  th a t  th e  d if fe re n c e  between h is  
m a r te n s i t ic  and s t r i a t e d  s t r u c tu re s  was s o le ly  a q u e s tio n  o f  
th e  degree o f  s u p e rs a tu ra t io n  o f  oc • th a t  m a r te n s i t ic  
s t r u c tu r e s  oc cu red  w ith  a  h ig h  degree o f  s u p e rs a tu ra t io n , 
and s t r i a t e d  s t r u c tu r e s  w ith  low degrees o f  su p e rsa tu ra tio n *  
Kamasurd and N ls h ig o r i1^ agreed  w ith  the  h y p o th esis  o f  th e  
m a r te n s i t ic  s t r u c tu r e  being  due to  in c ip ie n t  p r e c ip i t a t io n  
o f  cc because o f  X -ray ev id en ce , b u t co n sid ered  th a t  s t r i a t e d
s t r u c tu r e s  were due to  s c ra tc h e s .
Imai and O binata00 co n s id e red  th a t  in c ip ie n t  p r e c ip i t a t io n  
o f  an  in to  m e d ia te  phase fr* was re sp o n s ib le  (S e c tio n  1-A).
B auer and V olleribruck*^* e s ta b l is h e d  evidence f o r  a 
+ ¥  f i e l d  in  th e  reg io n 025-26$ Sn and co n s id e red  th a t  
s t r i a t e d  s t r u c tu r e s  were due to  th e  in c ip ie n t  p r e c ip i t a t io n  
o f  f  *
The o th e r  hypo theses reg a rd in g  th e  n a tu re  o f  a c ic u la r  
s t r u c tu r e s  a re  connected  w ith  the e f f e c t s  o f  deform ation*
The s l i p  and m echanical tw inn ing  hypotheses were p a r tia l ly -  
abandoned when C ry s ta llo g ra p h ic  d e te rm in a tio n s  showed th a t  
th e  h a b i t  p iano o f  th e  s t r i a t i o n s  was (133)^ w ith  s l i g h t  
d e v ia tio n s  tow ards (110)^
ij/l r/’z
The work o f  G-reninger * and G-reninger and Moo ra d ia n  
showed th a t  s t r i a t i o n s  can be c re a te d  by d efo rm ation , and 
th a t  s im i la r  m arkings o ccu rred  on d r a s t i c  quenching (2S.5b’3n 
Q-700 in  ic e d  b rin e )*
In  p a r a l l e l  work on Cu-Zn a l lo y s  (73) i t  was found th a t  
th e  m arkings o b ta in e d  by do fo rm ation  o f  r e ta in e d  p  s t r u c tu r e s  
were p r a c t i c a l l y  id e n t i c a l  w ith  m arkings o b ta in ed  by co o lin g  
the  same m a te r ia l  in  l iq u id  a i r  temps n a tu re s .
An e x te n s iv e  s e r ie s  o f  experim ents by Isaichew  and 
Kurdjumow^-*'"^^ (1934-194-9) have e s ta b lis h e d  beyond doubt 
th a t  b o th  m a r te n s i t ic  arid s t r i a t e d  s t r u c tu r e 3 a r e  m a r te n s i t ic
•« V
F ig s . 4a, 4b, and 4c. Pole f ig u re s  of som^ p lanes of /3' l a t t i c e  
of c o p p e r- tin  and copper-aluminuin a l l o y s . \ 49718)73
in  n a tu re . Isa ich ew  and S a i l ! 66 determ ined t h a t  a 2 4 .6% 3n 
a l lo y  c o n s is ts  a lm ost w holly  o f  a hexagonal ro a r te n s ite  ( JS1.) 
w hile  a 25• 2^ Sn a l lo y  i s  a m ix tu re  o f  ( +  JV*) where jb ** 
i s  -orthorhombic* The common Ms l in e  in te r s e c t s  room 
tem p era tu re  a t  2 4 .3% Sn (7 8 ), which compares v e ry  fav o u rab ly  
w ith  th e  v a lu e s  o b ta in ed  du rin g  e q u ilib r iu m  diagram  s tu d ie s  
{Table I I I } .
Kurdjuraow and Lysak^* e s ta b lis h e d  th a t  e l a s t i c  m a rte n s ite  
phenomena {79,80) cou ld  be o b ta in ed  w ith  v e iy  l i t t l e  h y s te r e s is  
in  a 27% Sn a l lo y  b u t su ch  e l a s t i c  r e v e r s a ls  w ere im possib le  
w ith  a  2 5 Sn a l lo y .
(2) Comparison o f  Martens i t  ic  Phenomena
in  Cu-Sn, Cn~AXs and Cu-Zn a l lo y s .  (
(a) Cu*Sn and Cii-Al.
1. In  b o th  system s two m artens 1 t i c  s t r u c tu r e s  
e x i s t  which have an  id e n t ic a l  l a t t i c e  
r e la t io n s h ip !
11. The two m a rte n s ite s  -are se p a ra te d  by a 
narrow  range o f  com position  in  w hich 
th ey  can c o e x is t!
i l l .  The i*fg v e rsu s  $ l in e  i s  con tinuous f o r  
b o th  m a r te n s ite s . (F ig . 5 ) ;
iv .  D eform ation causes th e  fo rm ation  o f  
orthorhom bic m arten sit© j
v . The s o lu te  atoms a re  o rd ered  in  the 
orthorhom bic m arten s1to .
TABLIS IV.
Comparison o f  Ortho rhombic M artensifres in  Cu-Sn,Cu-Al.
Com position b
1i a t i 0
Ref.Q» c
a b C
Cu-25,2^ Sn 4,55 5**36 4.31kX 0,85 1 o • CD o (66)
Cu-13.5^ A1 4 .5 1 5.20 4 .2 2  A 0,86 1 0 .8 1 (74)
T h eo retica l R atio  f o r  CPU OR 
tra n s fo rm a tio n 0.866 1 0.816 (SO)
The c lo s e  co in c id en ce  o f  th e  ft* l a t t i c e s  f o r  Cu-Sn and 
Cu-Al as shown by Kurd juraow^8 (P ig • 4) and the obvious r e l a t i o n ­
sh ip  between Cu-Al-tf1 and Ou-Sn-jS11 (Table XV) j u s t i f i e s  a 
c lo s e r  exam ina tion  o f  th e  o r ie n ta t io n  r e la t io n s h ip s  found by 
G ren inger f o r  Cu-Al
(1) y y f t i  R e la t io n s h ip *
J p c  "rnn--i r ~ i - ■ • ~v— mn~- t t ~ i— n n rn rrT m  • tiiiitIt
Two CPU l a t t i c e s  p re se n t in  one K* p la te  * and th e  
o r ie n ta t io n  o f  th o se  two l a t t i c e s  are  r e la te d  w ith in  1 /5 th °  
o f  tw inn ing  p o s i t io n s .  The common d i r e c t io n  o f  th e  tw in  
o r ie n ta t io n s  i s  [o i.o ] and i s  / /  to  ( i l l )ftx*
(2) R e la t io n s h ip .
urn im>t mi iimu jawmifefti
These two l a t t i c e s  a ls o  show a c lo se -p ach ed  d i r e c t io n  
/ /  to  ( n i i  p X, and a b a sa l plane a t an angle o f  4° from 
( i io ) p x .  The two cases  on ly  d i f f e r  in  th e  an g le  made by 
th e  m arte n s  i t  o p la te  and th e  b a s a l  p lane  co n ta in ed  in  the 
p la te .
(5) f t / t z  R e la t io i is h ip .
A*
The cu b ic  axes o f  ft and a re  / /  • (This a ls o  a p p l ie s
to  Cu-Zn, Cu-Sn.
Kurd jumow^ * co n s id e red  th a t  th e  A1 atoms i n  th e  If1 
l a t t i c e  have a rhom bohedral symmetry, and th a t  t h i s  accoun ts 
f o r  th e  g ra d u a l change from hexagonal to  o rtho  rhombic form 
w ith  in c re a s in g  A I f .
^D iscussion .
A ccording to  G ren in g er, th e  m echanical d e f o l ia t io n  o f  
P i  o r  P* r e s u l t s  in  tra ils  fo rm ation  to  X*, Only s l ig h t  
defo rm ations a re  r e q u ire d , and w ith  m oderate defo rm ation  
th e  tra n s fo rm a tio n  goes to  com pletion . D eform ation o f X* 
does n o t change i t s  s t r u c tu r e  except fo r  a n o tic e a b le  d ec rease  
in  i n t e n s i t y  and e v e n tu a l d isap p earan ce  o f  th e  s u p e r la t t i c e  
l in e s .  V1 may a ls o  be formed from JS* by l iq u id  a i r  c o o lin g , 
and t h i s  tra n s fo rm a tio n  i s  no t r e v e r s ib le .
I t  ap p ears p robab le  th a t  th e  c ro ss-m ark ing3 observed 
in  th e  p la te s  a re  s tr a in - t r a n s fo rm a t io n  m ark ings, w hile  
th o se  in  X* a re  m echan ical tw in -bands.
(b) Cu-Sn and Cu-Zn.
The a n a lo g ie s  observed  on deform ing r e ta in e d  P have 
a lre a d y  been n o ted . A f u r th e r  analogy i s  th e  
p o s s i b i l i t y  o f  o b ta in in g  a FCT m a rte n s ite  i n  a l lo y s  
n e a r  th e  (*+/*) boundary"
(63)
(53)
c /a  R a tio s  fop  Cu-Sn and Cu-Zn
39y?Zn +3n&?blnp) Q360° c /a  * 1.043
22.33!? 3n. 0.700° c /a  •  1.059
(5) The e f f e c t  o f  T ernary  a d d itio n s  on 
th e  m a r te n s i t ic  b ehav iou r o f  copper 
t i n  a l lo y s .  _____ '
(1) N ic k e l,
An a c ic u la r  s t r u c tu r e  i s  observed  on ly  in  lo?f lli^  A llo y s , 
and a t  2% Ni th e re  i s  com plete absence o f  th e  s tru c tu re * ^  
S t r i a t i o n s  can however s t i l l  occur^®,
(2) Z in c .
No a c ic u la r  s t r u c tu re s  wore observed on quenching from
. y Q
any tem p era tu re  in  an  a l lo y  o f  15%3n and 10%2n •
(5) Manganese*
The a c ic u la r  s t r u c tu r e  d isap p ea rs  a t  5% Mn* A lloys o f
4% Mn and 25% Sn, and 5%> Mn and 26% Sn Q, 675°C s t i l l  show
4 7m a r te n s i t ic  s t r u c tu r e s  %
(4) B e ry lliu m *
Complete absence o f  a c ic u la r  s t r u c tu r e s  a t  0,25% Be* ,
( 2 a t  % a t  25fo S n ),
(5) Lead and Phosphorus,
No e f f e c t  on tho s t r u c tu r e s  norm ally  o b ta in ed  in  b in a ry  
a l lo y s 4 5 * 42.
(D) T ransfo rm ations o cc u rr in g  on tem pering 
a quenched Cu-Sn a l l o y s . ________________
(1) Changes in  E le c t r i c a l  R e s is ta n c e ,
E le c t r i c a l  R es is tan ce  measurements appear to  have been
th e  most favoured  method o f  fo llo w in g  changes on tem pering  * 
5 5 ,5 6 ,5 7 ,5 9 ,62#
Table VI in d ic a te s  th e  rem arkable agreem ent o b ta in ed  by
v a rio u s  a u th o rs  f o r  tho tem p era tu res  o f  m ajor r e s is ta n c e
changes i n  a l lo y s  encom passing a wide range o f  Sn^ and
quenching tem perature*
I t  has a ls o  been found th a t  idle v a lu e  o f  th e  r e s is ta n c e
a t  200-25Q°C in c re a s e s  w ith  in c re a se  in  Sn!^, w h ile  th e
s p e c if ic  r e s is ta n c e  minimum a t  350°C was la rg e ly  independent
o f  com position5^ A c e r t a in  measure o f  q u a n t i ta t iv e
agreem ent has a ls o  been o b ta in e d , b u t t h i s  i s  d i f f i c u l t  to
a s s e s s ,  s in c e  r e s is ta n c e  measurements a re  very  s e n s i t iv e  to
r a te s  o f  h e a tin g  and c o o lin g , and to  the  p re c ise  methods used
f o r  m easurem ent. Tablo V II in d ic a te s  tho  percen tag e
d if fe re n c e  betw een th e  r e s is ta n c e  a t  200-250° and 550° as
o b ta in e d  by th r e e  a u th o rs ,  and Table V III shows s p e c if ic
59re s is ta n c e s  o b ta in e d  f o r  s im i la r  a l lo y s  by Hosoi and
cr f"
O binata & I m i ° °  * The agreem ent f o r  th e  25f£ a l lo y s  i s  
p robab ly  o f  g r e a te r  s ig n if ic a n c e  th an  the d isc re p a n c ie s  in  
o th e r  a l lo y s ,  s in c e  the  quenching tem pera tu re  and d if fe re n c e s  
o f  com position  i n  th e se  a l lo y s  have p rep o n d eran tly  more e f f e c t .
F* F*
Im ai & Ob in a  ta °  ° . found th a t  co o lin g  down from any g iven  
tem p era tu re  (and in te r r u p t in g  th e  change o f  r e s is ta n c e  on 
h ea tin g )  le a d s  to  a resum ption  o f  th e  i n i t i a l  curve on 
re h e a tin g  to  te m p era tu re . T h e ir  curves f o r  iso th e rm a l 
tem pering show marked d if fe re n c e s  In  tho v a lu es o f  th e  
i n i t i a l  r e s i s ta n c e ,  w hich seems to  imply th a t  changes a lre a d y  
o ccu rred  on h e a tin g  th e  a l lo y s  to  tem p era tu re ,
H o s o i^  found th a t  th e  tem pering o f  a l lo y s  quenched 
from 550°0 le d  to  a d d i t io n a l  changes n e a r  the  f i r s t  peak 
v a lu e  as  compared w ith  a l lo y s  quenched from 700°C,
TABLE V I,
Summary o f  E le c t r i c a l  R e s is ta n ce Changes oc c u rr in g
— Hulun _ UMiiiwwqi—imwiiiinn— umiim—~htti i w i r n n iw m m iT n D H T w n w n   1 r~~~ri   |——— *on tem pering  quenched Cu-Sn A lloys •
Compn$
Q.
Temp,
S l ig h t
change
1 s t
Peak Minimum
Change
in
Intensity
Flax Ref
24.00?? 650°C m* *»  m 210° 550° w* mm mm 520
(23)
Isawa
24.00"? 660°G 140-150° ------------- 325-375° 400°C H k M M i (62)
27.00??
27.50?? 700°C 140-150° 255-275° 375° ------------- «n» a*  Mt (55)
23.00"?
2 7 .00"i> 250-300° 350° 400-450° — (5S)&(57)
21 .65-
25.15??
650°C a »  M M 220-250° 520-350° 400°C 520 (59)
21.65-
So# 15% 550°C 150-160° 250°
320-350°
...................................
400° 
.  -
520° (59)
TABLE V II,
P ercen tage D iffe ren ce  in  t 
27vo Sn A llo y s tempered
,he R e s is tan ce  o f  sore© 
a t  25000 and 550°C.
Compn% D ecrease in  r e s is ta n c e Ref.
27.00% Q.~— 40's (56)
27.00% Q.6S0° 43$ (62)
27.30%
L .............. .
Q.700° 52'.; (55)
TABLE V I II .
Q u a n ti ta t iv e  Comparison o f  th e  S p e c if ic~ ,..i i i , . . . . . . . , , , ■
R e sis tan ce  o f some A llo y s .
Ref.
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Compn Q.Temp SR(255°C) iSR(375°C)
(55) 25,27/J 700°C 36x10”° 25x10”®
(59) 25.151; 650°C 36x10"® 24x10”®
(55) 24.23# 700°C 37x10”® 29x10”®
(59) 24.25# 650°C 34x10”® 25xl0”6
(55) 20.22# 700°C 32x10”® 30x10”®
(59) 21,65# 650°G 52x10”® 25x10“®
2 2 .
(2) X—ray  0han^e a .
Isalchow  & Kurdjumow^ and Isaichew  & Bugakow^2 a re  th e  
on ly  in v e s t ig a to r s  who a ttem p ted  a thorough in v e s t ig a t io n  o f  
th e  l a t t i c e  changes on tem pering  as  d i s t i n c t  from m erely u s in g  
X -ray photograms as an In d ic a t io n  t h a t  some change had tak en  
p la c e . (Table IX ).
They o b ta in e d  a t  tem p era tu res  100-150°C a l in e  system 
u n re la te d  to  th o se  o f  e i t h e r  ©C * fi o r  & and denoted  th e  
s t r u c tu r e  tf1*. The l in e  system  o f  i s  c h a ra c te r is e d  by 
two l in e s  in  p a r t ic u la r*  one o f  which was used  a s  th e  main 
means o f  id e n t i f ic a t io n *  being  a s tro n g  r e f l e c t io n  a t  a 
s l i g h t ly  g r e a te r  ang le  th an  (110)p * At tem p era tu res  where 
th e  o n se t o f  <*» p r e c ip i t a t io n  i s  observed* no l in e s  o f  If* can 
be d e te c te d . The com plete e v a lu a tio n  o f  th e  £* l a t t i c e  
was n o t p o s s ib le  on account o f  th e  o v erlap p in g  o f  many l in e s  
w ith  th o se  o f  th e  o r ig in a l  fi phaso* and th e  p o s s ib i l i t y  
o f  some o f  th e  l in e s  being  due to  t r a c e s  o f  o r  Y • The 
l in e  system  was co n seq u en tly  capab le  o f  be ing  indexed on 
e i t h e r  a cub ic  X-type l a t t i c e *  o r  a hexagonal l a t t i c e  w ith  
c /a  = 0*55,
A n a ly s is  showed th a t  a lth o u g h  Y* resem bled V th e
in te n s i t y  maxima were d i f f e r e n t ;  t h i s  could  be due to
197 194ordering* as  shown by B rad ley  & Thew lis 9 fo r  analogous
phases in  th e  Cu-Zn and Cu-Cd system s.
fixe * o f  th e s e  au tlio rs  denotes th e  phase now 
id e n t i f i e d  by th e  symbol S . ) ) )
Compnh
Q*
Temp*
| s l i g h t  
change
Pro­
nounced
change
o c -lin e s
P resence 
o f  _
( oc + 5) Ref
O*"'— &> O jO
650°0
oc
550°C
------ 200°C 300°C 400°C (23)
S60°C 100°C ----- 300°C * • » * * * • (61)
24-277? 660°C * • « * _  ■ 150°C 275°-300°C (62)
23-28# 100°-125° 150°-200° 350°-400°( (64,
65)
32-35# 700°0 RT( S ) (18)
Bvidenee f o r  hexagonal index ing  r e s t s  on a n a lo g ie s
drawn betw een th o  phase and re a c t io n s  in  th e  Ag-Zn system*
60Straum anis & W eerts showed th a t  th e  € phase in  t h i s  system  
had hexagonal symmetry w ith  c /a  0*367, and a r e la t io n s h ip  
to  th e  p a re n t p  l a t t i c e  id e n t i c a l  w ith  one w hich can be 
p o s tu la te d  fo r  th e  X' p h a se | po le  f ig u re  d e te rm in a tio n s  
in d ic a te  th a t  th e  p lane g iv in g  r i s e  to  th e  c h a r a c te r i s t i c  
r e f l e c t io n  o f  can be reg ard ed  as a (20*1) p lan e  showing 
hexagonal symmetry around a [ i l l ]  d irec t5 .on . Tho c /a
r a t io / i  can be accounted  fo r  in  te rn s  o f th e  BCG-GPU l a t t i c e  
t  rails fo m a t  io n , d e v ia tio n s  between Ag-Zn and Cu-3n being  
presumed to  be due to  f a c t  th a t  th e  leaction. le a d s  to  a 
m e ta s tab le  phase in  Cu-3n and a s ta b le  phase in  Ag-Zn*
I t  was found th a t  in  powder specim ens the  v a rio u s  
c h a r a c t e r i s t i c  re a c t io n s  take  p la ce  a t  tem p era tu res  75 °C 
low er th a n  f o r  f in e -g ra in e d  s o l id  specim ens. I t  proved 
im possib le  to  e s t a b l i s h  w hether e q u ilib r iu m  ot, p r e c ip i ta te d  
from r e s id u a l  P o r  X 1, R ates o f  r e a c t io n  were d i f f i c u l t  to  
e s tim a te  on accoun t o f  th e  o v erlap p in g  o f  l i n e s ,  b u t approx­
im ate e s tim a tio n  gave abou t 50$ tra n s fo rm a tio n  o f  J*"9 V 1 a t  
150°C. A com ple te ly  BCG l in e  system  on quenching was 
o b ta in ed  on ly  in  a  27# Sn a l lo y ,  an  a l lo y  o f  24# Sn showing 
a f a i n t  l in e  which, cou ld  be a s s o c ia te d  w ith  X1.
Atomic rearrangem ents p r io r  to  p r e c ip i t a t io n  a re  
su g g ested  n o t o n ly  on X -ray grounds bu t a ls o  to  e x p la in  th e  
i n i t i a l  r i s e  in  e l e c t r i c a l  r e s is ta n c e  on tem pering.
I t  i s  p la u s ib le  and a t t r a c t i v e  to  co n s id er the  p resence 
o f  an  in te rm e d ia te  phase having c h a r a c te r i s t i c s  a s s o c ia te d  
w ith  p ,  X , and CPH l a t t i c e s ,  b u t doubts reg a rd in g  th e  too  
l i b e r a l  in t e r p r e t a t i o n  made o f  l in e s  which cou ld  be due to  
in c ip ie n t  o< p r e c ip i t a t io n  p reven t a c le a r - c u t  d e c is io n . 
W estgren & Fhragmen found e x tra  l in e s  in  a quenched 24* Q%3
alloy* and indexed th o se  as *  f as  mentioned. previously, 
laaichew and h is  co-workers co n s id e red  th e se  e x t r a  l in o s  as 
b e in g  due to  X1* Table X shows th a t  f o r  tho 24♦ 8"? a llo y *  
the two Interpro ta t ions r e f e r  to ,  th e  same lin o s*
TABS8 X* ,
Comparison ,o f some l in e s  o b ta in e d  In  X-Ray 
Photoj*raras o f  a 24*G5sn a lloy*
C/t
W estgren & Phragraeh 4
Quenched A llo y
____ ._____________ ^  . . . . . . . . .  . .  ........
I s a  Ic hew & Kut 
L att;ice
. Indexed 
S t m a tu re I n te n s i ty S l r r t S In% I n te n s i ty
Indexed
S tru c tu re
Hp t*r 0*174 0.161
0k 11 0.211 0.208 fiK>
P VW 0*308 0.302 JM X1
Ct ¥ 0.423 0.423 O.O x f
P w Of 521 0.-552 3 I'
Ok 0.634 0.634 C'-i
The o b se rv a tio n  by C o rs o n ^  o f  th e  decom position  a t  
room temperature o f  quenched a l lo y s  i n  th o  52«$5?&n rang® 
in d ic a te s  t l i a t  q u a n t i ta t iv e  in te r p r e ta t io n s  o f  X -ray r e s u l t s  
i s  o u t o f  tho  q u e s t io n  u n le s s  s t r i c t  p reca u tio n s  have been  
tak en  re g a rd in g  age ing  p r io r  to  X -ray exam ination .
L i t t l e  d a ta  i s  a v a i la b le  f o r  th e se  m ethods, in  
com parison w ith  e l e c t r i c a l  r e s is ta n c e  and X«*ray in fo rm atio n . 
.As would be ex p e c ted , the rm al methods a re  no t s u f f i c i e n t ly  
s e n s i t iv e  to  p ick  up changes o th e r  th an  tloose g iv in g  most 
marked e f fe c ts #  Changes in  b eh av io u r a t  200-250°C and 
350 C a re  confirm ed, ( fa b le  X I.) Hardness measurements 
ap p ear to  r e f l e c t  most o f  th e  changes no ted  by o th e r  
m ethods, th e  b eh av io u r o f  a l lo y s  w ith  d i f f e r e n t  Sn c o n te n ts  
b e in g , i f  a n y th in g , more d iv e rg e n t.
The marked minimum In  e l e c t r i c a l  r e s is ta n c e  i s  
a s s o c ia te d  w ith  maximum hard n ess a t  350°C, w h ile  in  a l lo y s  
o f  h ig h e r  S n f , a sm a lle r  hardness peak i s  a ls o  observed 
in  a s s o c ia t io n  w ith  maximum e l e c t r i c a l  r e s is ta n c e  in  th e  
re g io n  200~250°C* A s im ila r  s e c o n d a r y  peak o f  low er 
in te n s i ty  I s  a lso  observed in  a l lo y s  quenched from low er
te m p e ra tu re s , b u t t h i s  i s  p robab ly  due to  th e  same i n t r i n s i c
c a u se s , s in c e  low er quenching tem p era tu res  le ad  to  (<* + )
a l lo y s  w ith  a h ig h e r  Snf? . (Table XII)
M eta llo g rap h ic  o b se rv a tio n s  are  r e l a t iv e ly  s c a t te r e d ,  
probab ly  on accoun t o f tho  extrem e r e a c t iv i t y  o f  the
m a jo rity  o f  tho tempored p ro d u c ts , which p rev en ts  s a t i s ­
fa c to ry  e tc h in g  o f  specim ens. K 1 i s  a s s o c ia te d  w ith  a 
h ig h  e tc h in g  .ra te  and b reak ing  up o f  p  g ra in s  in to  
sub»gra in s M a rte n s itio  s t r u c tu re d  decompose to  a
g ra n u la r  p ro d u ct in  the  re g io n  o f  350-400°C and in to  ( +
m ix tu res a t  te n p e n a tu re s  o f  th e  o rd e r  o f  450°CJ:j^  * ^ '
o
Heycock h N e v i l l e h a v e  re p o r te d  th a t  s t r i a t l o n s  can 
appear on tem pering  and th a t  such s t r i a t i o n s  e v e n tu a lly  
d isa p p e a r  on tem pering a t  h ig h e r  tem p era tu res  o r  f o r  
lo n g e r tim es has been  s ta te d  by C u th b ertso n , Reeve & 
Bowden^*".
The appearance o f  banded o r  lam in a ted  s t r u c tu r e s  on
5 7tem pering  has a ls o  been quoted , b u t i t  seems f a i r l y  
c e r t a in  t h a t  th e se  s t r u c tu r e s  a re  la rg e ly  due to  
d efo rm atio n  ra a r te n s ite  (S ec tio n  I*G. ) .
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(B) S u b s id ia ry  in fo  m a t  io n  on G eneral P ro p erty
Changes in  th e  C opper*tin  System,______
The 520° e u te c to id  r e a c t io n  has been in v e s t ig a te d  by 
th e rm o e le c tr ic  methods H ardness surveys have been
made a c ro s s  th e  whole system  by Houghton and T urnerOJ* and 
Bauer and V o llen b ru ck ^ *  Some thermodynamic in v e s t ig a t io n s  
were a ttem p ted  by J e f f e r y ^ ,  b u t th e se  d e a l t  m ain ly  w ith  
th e  q u e s tio n  o f  the  e x is te n c e  o f  m o lecu lar CugSn in  th e  m e lt.
D uring .an in v e s t ig a t io n  in to  th e  s t r u c tu r e  o f  th e  
I n t e m e t a l l i c  compounds, B e r n a l^  s ta te d  th a t  th e re  appeared  
to  be a p a r t i c u l a r  tendency f o r  compounds to  form as m u lt ip le  
u n i t s  o f  some sim ple c e l l  in  th e  c o p p e r- t in  system .
SECTIOB I I .
A IITSRATQRB RT3VTB7 OB' THE BEHAVIOUR OP 
B0?-|^SRR0U3 3Y3T]5!J'lM )ij'Rls'0TiEi:aiiAL 
 aI 5 cortiiMJOtfs1 o M IIu d  c'fM ^TioM T"
(A) G enera l C h a ra c te r i s t ic s  o f  
Iso th e rm a l T ransfo rm ations,
(1) P ro*a n te c to id  P re c ip i ta t io n .
8 3 , 1 4 1
P ro -e u te c to id  p r e c ip i t a t io n  has been observed  in  s t e e l s ,  
Cu-Al a l l o y s k 8  and T i- a l lo y s ’**^*^® , a lth o u g h  the amount 
r e je c te d  p r io r  to  th e  o n se t o f  e u te c to id  fo rm ation  v a r ie s  
from system  to  system .
P ro -e u te c to id  p r e c ip i t a t io n  u s u a lly  lead s  to  a 
W iedm anstatton p a t te r n ,  which becomes f i n e r  as th e  tra n s fo rm ­
a t io n  tem p era tu re  d e c re a se s , and resem bles in  a l l  r e s p e c ts
tra n s fo rm a tio n  in  system s where p r e c ip i t a t io n  i s  from a
96m a trix  s u p e rs a tu ra te d  w ith  on ly  one p hase , e . g . , Ti-llo • 
P ro -e u te c to id  p r e c ip i t a t io n  may co n tin u e  even a f t e r  
e u te c to id  p r e c ip i t a t io n  has s t a r t e d ,  b u t i s  u s u a l ly  stopped 
by th e  envelop ing  e f f e c t  o f  th e  e u te c to id ^  •
W ith d ec re ase  i n  tra n s fo rm a tio n  te m p e ra tu re , th e  amount
o f  p ro -e u te c to id  p r e c ip i t a t io n  may e i th e r  d ecrease  a s  in
-U1 qq 84 .86 ,88s t e e l s  and Cu-Si a l l o y s ' ,  o r  in c re a se  as in  Cu-Al a l l o y s .
In  g e n e ra l a d e c rease  may be ex p ec ted , and th e  r e s u l t s  in  
Cu-Al alloys t r a c e d  to a p r io r  tra n s fo rm a tio n  from the  
o r ig in a l  phase to  a t r a n s i t i o n  phase w hich i s  more super­
saturated with the p ro -e u te c to id  constituent* This type 
o f  e f f e c t  may le a d  to  th e  n a tu re  o f  th e  p ro -e u te c to id  
p r e c ip i t a t io n  changing  a s  th e  tram fom ation  tem p era tu re  i s  
low ered * in  h y p e r -e u te c to id  Ou-AX a l lo y s  p ro -e u te c to id  
precip ita tes above 500°C, w h ile  below 500°0 ©c p recip ita tes 
a f t e r  a  p-* p*. r e a o t io n SG# ^ ^ ,
In  some c a se s  i t  appears tha t the p ro -e u te c to id  
p r e c ip i t a t e  can be com plete ly  inhibited , th e  o n ly  e f f e c t  
be ing  an  a l t e r a t i o n  in  th e  incubation p e rio d  o f  th e  e u te c to id  
r e a c t io n ,  o*g*, F e -1 ^ *
P ro -e u te c to id  p r e c ip i t a t io n  o f  in to  m e t a l l i c  compounds 
i s  usually more ra p id  than the p r e c ip i t a t io n  o f  primary 
s o l id  s o lu t io n s ,  and in  a d d i t io n  may in o c u la te  th e  e u te c to id  
reac  t  io n ^s  j 3*4'3*,
(2) The Butectoid  Reaction*
There may bo a marked d if fe re n c e  in  tho appearance o f  
th e  product o f  th e  eutectoid r e a c t io n  as th e  com position  o f  
tho  a l lo y  d iv e rg e s  from e u te c to id  composition* U su a lly  th e  
p resen ce  of in te m e ta llic  compound prom otes a lam ellar fom , 
w h ile  hypooutoctoid com positions load  to  a ivovo granular
appearance104. (However, i f  p ro -e u te c to id  p r e c ip i ta t io n  
a p p re c ia b ly  a l t e r s  th e  com position  o f  th e  m a tr ix , la m e lla r  
p ro d u cts  a re  a g a in  o b ta in e d .)
Comparison o f  th e  e u te c to id  r e a c t io n  a t  th e  nose o f  
th e  TTT cu rv es o f  s e v e ra l  b in a ry  Cu-Al a l lo y s  o f  d i f f e r e n t  
com positions in d ic a te s  th a t  th e  s t a r t  and f i n i s h  a t  th e  nose 
i s  la rg e ly  independen t o f  com position . However, th e  
a d d i t io n  o f  a l lo y in g  elem ents may cause v ery  marked changed
A lthough o n ly  l im ite d  d a ta  i s  a v a i la b le  f o r  o th e r  system s, 
Cu-3i seems to  behave in  a s im ila r  manner. (Table XIX)
The speed  o f  r e a c t io n  v a r ie s  g r e a t ly  from system  to  
system , a lth o u g h  i t  i s  a d m itte d ly  d i f f i c u l t  to  f in d  a 
s u i ta b le  s ta n d a rd  by which to  compare re a c tio n s  which 
in c o rp o ra te  la rg e  d if fe re n c e s  in  te m p e ra tu re , c ry s ta l lo g ra p h y , 
and t r a n s i t i o n a l  tra n s fo rm a tio n s • The e u te c to id  p roduct may 
grow in d is c r im in a te ly  in  th e  m a tr ix  and a re a s  o f  a 
t r a n s i t i o n a l  phase , such as th e  o rd ered  in  Cu-A1^4 >10(3.
In  T itan ium  and Zirconium  Systems i t  seems to  be a g e n e ra l 
ru le  t h a t  norm al e u te c to id  s t r u c tu re s  do no t ap p ear a t  slow 
r a te s  o f  c o o lin g 0^. P e a r l i t i c  s t r u c tu re s  can , however, be
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produced by some optimum r a te  o f  co o lin g  (Zr-Mn) ^ , o r  by
tra n s fo rm a tio n  a t  tem p era tu res  w e ll  below th e  e u te c to id
tem p era tu re  (T i-N i)100. R ecognisable e u te c to id  s t r u c tu r e s  have
n ev er been observed  below th e  nose o f  th e  TTT c u r v e >8 6 , 9 3 , 
94 ,9 9 ,1 4 1 .
TABLE W i l l .
Com parative K in e tic s  o f  Iso th e rm a l R eactions
in  *7on-ferrous A llo y s.
Ref, System
Time (sec s . f  
P ro -eu tec to id  
R eac tion
fo r
Iiiii
S ta i 't
te c to id
F in is h
o o 3per Base
(84) Cu-Al (Eut) 10° 5 ( { ^ 10 2 10°
(86) Cu-Al (Eut) 101 ( * 0 p10"
'X p 
10' •
(88) Cu-Al 12,3$A1 3.7$Fo io1 *2 ( - 0
o
10 -j qO • o
(87) Cu-Al 13,5$A1 < io °  1*0 1^1* 8 io 3- 8
(145) Cu-Al 1 1 ,4$  ftl - "i rjl» 0 102 * 3
(143) Cu-Al-Bi 1 1 .5$A1+3$51 l 02.S V. K10o.o
(190) Cu-Al (Eut) < 100* 4 (f*l> 1G1*3 103 - 2
(190) Cu-Al+ (Gut+2$Kn) ~ l o 1 ( W 10 o. 3 > 10-
Cu-Sn 25$* ~10Q^ e l l s ~ 1 0 DS 101,5
(93) Cu-3e(Eut) < 10°-3c e l l s 10° • ?5 101.75
(94) C u-In(E ut) <10_1 10 *0 *8 101.5
(92) Cu-Si -  5$31
o yy 
10' ' > 106
(31) Cu-Si -  5.6$S1 102 ^ ) 10s * 8 104
Ti-t
(96)
(104)
(117)
d l " )
;anium Base
TI-Mo •
Ti-I-lo
Ti«;:n
TI-I-ln
Ti«"Al*I'lo
T i-A l-C r
< 10°‘ 8
< 10° 
10l*3
10o10“
10
10 106
: It
(95)
(9B)
(93)
.
ce lla n e o u s
A —_ H  -z
Zn-Al
Fo-IT
1q0*5
101- 5
106 
10s - 7 
10s - 4
^ F a s te s t  r e a c t io n  tim es* & P re sen t Work*
At e le v a te d  tem p era tu res  th e  e u te c to id  r e a c t io n  i s  
p redom inan tly  i n i t i a t e d  a t  th e  g ra in -b o u n d a r ie s , b u t as th e
h o ld in g  tem p era tu re  i s  low ered , r e a c t io n  may s t a r t  a lso
o ow ith in  th e  g r a in s Ju. At low er tem p era tu res  i t  i s  a lso  
l ik e ly  t h a t  th e  mechanism o f  p r e c ip i t a t io n  a l t e r s ,  le ad in g  
to  a l t e r n a te  p r e c ip i t a t io n  o f  and X o r  to  th e  p r e c ip i t a t io n  
o f  b lo ck s o f  betw een oC p la te s  i n  Cu-A I 3**>b3> 3 ,
Mack and h is  co-w orkers have observed  th a t  la m e lla r  
p ro d u c ts  o b ta in e d  in  Cu-Be^3 , C u - , and Ag-Cd^3 a re  no t 
s t a b l e ,  and a f u r th e r  r e a c t io n  ensues to  a secondary co a rse  
p e a r l i t i c  p ro d u c t in  Cu-Be and C u-In , w hile  In  Ag-Cd th e re
forms a W iedm anstatten  p a t te r n  o f  th e  e q u ilib r iu m  phases.
q%Mack i n i t i a l l y  p o s tu la te d  some form o f
"t AOr e c r y s t a l l i s a t i o n ,  b u t Haynes has d isp u te d  t h i s  and I t  
i s  g e n e ra lly  co n s id e red  th a t  th e  i n i t i a l  p e a r l i t i c  p roduct 
must c o n s is t  o f  m e ta s tab le  p h a se s♦ The c ry s ta l lo g ra p h ic  
im p lic a tio n s  o f  la m e lla r  growth in  a la m e lla r  m a trix  a re  
extrom ely  c omplex.
(3) T ra n s i t io n a l  Trans fo rm a tio n .
A m e ta s ta b le  phase found in  th e  Cu-Al system  by Sm ith 
and L ie n d l ie f f 3 * was I d e n t i f ie d  w ith  th e  r e a c t io n  d iso rd e re d  
P  to  o rd e red  p  ( N . The o rd ered  phase su bsequen tly  behaved 
in  th e  same manner as  th e  d iso rd e re d  , decomposing under
s u i ta b le  c o n d itio n s  to  p ro -e u te c to id  <x # e u te c to id  (*♦¥) o r  
m artens It© . fa i s  however more su p e rsa tu ra te d  w ith  Cu th a n  
tho  o r ig in a l  , and p ro -e u to c to ld  p r e c ip i t a t io n  o f  oc f r e ­
q u en tly  o ccu rs  w ith in  fa p r io r  to  th e  com pletion  o f  th e  
reac tio n *  fa  grows in  a ty p ic a l  r o s e t t e  p a t te r n ,  t r a c e s  o f  
w hich may s t i l l  be seen  w ith in  subsequent p e a r l I  te  o r  
m r t e n s l t e  I f  s u i t a b le  e tc h a n ts  a r e  u se d . The s u p e rs a tu r -  
a t io n  e f f e c t s  le a d  to  a predominance o f  f a  in  th e  v i c in i t y  
o f  p ro -e u te c to id  o t, where som© enrichm ent o f  th e  o* i n  h i  may 
be ex p ec ted .
faim.3 n o t boon observed  in  a l l  Cu-Al a l lo y s ,  i t s  
absence b e in g  e s p e c ia l ly  n o tic e a b le  a t  low er A lb ^ 3 * ^ 8 *
Khrdjumow^3 in d ic a te d  th a t  t h i s  was duo to  tho  combin­
a t io n  o f  a r i s e  i n  th e  M* tem p era tu re  and a low ering  o f  the  
tem p era tu re  o f  th e  r e a c t io n  /&•*/&* (F ig . 3  a ) » However, i-nckub 
1ms observed  th a t  when fb changes d i r e c t l y  to  p *  u s in g  a f a s t  
quench th e  Ms i s  some BOQ°C low er th a n  when th e  m artens i t  e 
forms from f a  o f  th e  same com position , so th a t  o th e r  f a c to r s  
nay bo in v o lv ed .
• Sm ith and L ie n d l ie f f 34 co n s id e red  th a t  th e  oc p r e c ip i t a t in g  
a t  low er te m p era tu re s  was supers a tu ra  te d  w ith  A l, b u t X -ray  
work gave o n ly  In co n c lu s iv e  su p p o rt.
Mack and F i l ln o i r ^  found in  Cu-Bo a pseudo-boundary 
netw ork w hich appeared  to  form by th e  proc i p i t a t  ion  o f  an
mUmmn p h ase , and d isap p ea red  w ith  th o  subsequent growth 
o f  p a a r l i t e *  o r  o th e r  r e a c t io n  pre& iets*  This network 
appeared  a f t e r  o n ly  4  soc  a t  452°C and was even so re  r a p id  
and t r a n s i t o r y  a t  • $54°C» E le c tro n  m icrographs In d ic a te d  
th a t  ro d lik o  p a r t i c l e s  n ig h t  fo m  th e se  netw orks , w tdlo  no 
in d ic a t io n  o f  th o se  changes was o b ta in e d  by Im rdness 
m oasurosoat o r  X -ray  work* d i f f r a c t i o n  s tu d io s  slowed t h a t  
a l l  l in o s  o b ta in e d  co u ld  bo a c co u n te d ' f o r  by oc, f b  o r  Y , b u t 
s e v e ra l  s i g n i f i c a n t  s h i f t s  w ere observed .
Unt rangform ed jb quenched from v a r io u s  tem p era tu res  
showed ev idence o f  r ip p l in g  and s t r i p in g ,  which Ouy, B a r r e t t  
and h eh i^ 33 •considered  to  bo ev idence o f  an I n te r n a l  change 
i n  th o
Evidence o f  such  t r a n s i t i o n a l  t  r a n s fo ra a t  Io n s was n o t 
in c o rp o ra te d  In to  th o  TTT diagram*
Strycke^*0 ^ to o  confirm ed felio p resence  o f  soib-boundary 
netw orks i n  Cn-3© b u t d e t a i l s  have n o t y e t  been published* 
Sub~boundary s t r u c tu r e s  Imv© a ls o  been observed  In  T I-FoXUD 
and T!-0^*u^ a llo y s*
S pencer and hack‘d  In d ic a te d  th a t  a  t r a n s i t i o n a l  change 
o ccu rs In  jb In  umer* X sec  a t  J u s t  below 500°C l a  a  Cn-In 
e u to e to ld  a llo y *  They a ls o  co n s id e red  t h a t  co m p o sitio n a l 
ad ju stm en ts  o ccu r beh ind  th e  advancing  p e a r l i t i c ^  i n t e r f a c e ,  
In d lc a tln r :  t h a t  th o  phases forsslnft th e  p e a r l i t i c  ag g reg a te
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a re  a ls o  t r a n s i t i o n a l  to  some degree .
This l a t t e r  su p p o s itio n  can be shown to  bo due to  f a u l ty  
i n t e r p r e t a t i o n  o f  m icrographs w hich however confirm  the  h ig h  
speed w ith  w hich the  t r a n s i t i o n a l  s t r u c tu re  n e a r  500°G i s  
formed.
1 4  4Weibke and lUggers4, ^ observed  l in e s  in  th e  X -ray photo­
grams o f  quenched a l lo y s  which they  In te r p re te d  as su p er­
l a t t i c e  l i n o s ,  b u t w hich Spencer and 1-lack su g g est a re  due 
to  some deg ree  o f  fo rm atio n  o f  th e  copper se g reg a te s  du rin g  
quench ing .
At low er tem p era tu res  th e  c ro ssh a tch e d  o r  w rin k led  
appearance o f  th e  t r a n s i t i o n a l  phase i s  g ra d u a lly  rep la ced  
by advancing  nodu les o f  an ag g reg a te  which e x h ib i ts  a d e f in i t e  
duplex ap p earan ce , th e  two phases hav ing  been l a t e n t  in  th e  
t r a n s i t i o n a l  p h ase , w ith  a coheren t boundary in te rfa c e *
fhe grow th o f  ag g reg a tes  w ith  boundary c h a r a c te r i s t i c s  
o f  th e  co n v e n tio n a l type in  a m a trix  c o n s is t in g  o f  phases 
w ith  co h e ren t b o u n d aries i s  a ls o  e x h ib ite d  in  a more complex 
form in  A g-0d^°.
The Zn-Al e u te c to id  decom position9^ i s  u n u su a l in  t h a t  
one o f  th e  e q u ilib r iu m  phases has tho  same FCG l a t t i c e  as 
th e  p a re n t decomposing phase. In  t h i s  system  X-ray 
d i f f r a c t i o n  d a ta  shows th a t  th e  FCG phase formed a t  low
tem p era tu res  has a com position  which i s  i n i t i a l l y  in te rm e d ia te  
between th a t  o f  th e  p a re n t phase and the eq u ilib r iu m  phase*
(4) S tre s s e s  A ssocia ted  w ith  T ransfo rm ation .—AtMM*. nmwlilifW*nroo.il' w»".W,iui iirmi),»i>i !>mn iv<r»jw wiiti:iiwiiii|i»ii i »  n n.iiim inw Miin'uiwi MW. .— n wi f M. TWimiMMwin wwn^ i
S u b s ta n t ia l  s t r e s s e s  may a r i s e  th rough  th e  quenching 
o p era tio n , o r  th ro u g h  tho fo rm atio n  o f  coh eren t boundaries 
betw een b ad ly  m atching l a t t i c e s .
Quenching Ou-Be a l lo y s  from th e  ft f i e l d  o f te n  
developed s t r e s s e s  o f  s u f f i c i e n t  m agnitude to  s h a t t e r  th e  
specim en?3. The growth o f  tra n s fo rm a tio n  p roducts  in
Sn-Al le ad s  to  a marked r i s e  in  h ardness and h ig h ly
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lo c a l i s e d  s t r e s s e s  are  r e l ie v e d  by r e c r y s t a l l i s a t i o n  •
K asberg and !lack^'5 s t a t e  t h a t  in  a com m ercial Cu-Al a l lo y  
la rg e  g ra in s  developed d u rin g  iso th e rm a l tra n s fo rm a tio n  a t  
450°C o r  low er, and th i s  was co n s id e red  due to  g ra in -g ro w th  
n u c le a te d  by a s s y m e tr ic a l s t r e s s e s  r e s u l t in g  from  th e  
in te r f e r e n c e  o f  the  m echanical shape o f the  specim en on 
tho  th e rm al c o n tra c t io n . Any iso th e rm a l p roduct stopped 
t h i 3  g ra in -g ro w th , and th e  e f f e c t  was on ly  no ted  w ith  
specimens allowing e c c e n tr ic  h o le s .
(B) G enera l C h a ra c te r i s t ic s  o f  Continuous 
 C ooling T ran sfo rm atio n s. __________
Data on con tinuous c o o lin g  tra n s fo rm a tio n  behav iou r i s  
alm ost e n t i r e ly  co n fin ed  to  fe r ro u s  a l lo y s .  Jom iny-type 
t e s t s  were made on Aluminium a l lo y s  in  o rd e r  to  in v e s t ig a te  
th e  e f f e c t  o f  co o lin g  r a t e  on age ing  b e h a v io u r^ 2 and some 
t e s t s  have been re p o r te d  on T itanium  a l l o y s ^ ^ > ^ ^ ,  b u t 
th e se  seem to  be th e  on ly  e x ten s iv e  in v e s t ig a t io n s  i n  th e  
n o n -fe rro u s  f i e l d .
(1) I n v e s t ig a t io n s  in to  th e  f a c to r s  a f f e c t in g  
c o o lin g  r a t e s .
A lthough i t  has always been r e a l i s e d  th a t ,  r e p r o d u c ib i l i ty
o f  co o lin g  r a te s  i s  o f  paramount im portance in  any con tinuous
co o lin g  ex p erim en ts*^^ , many t e s t  f a c to r s  were a p p a re n tly
n e g le c te d  as p o s s ib le  im p o rtan t v a r ia b le  s ^ h  Thus i t  i s
im portan t to  o b ta in  c o n s is te n t  oxide s c a le ,  i f  c o n d itio n s  do
n o t exclude o x id a tio n  co m p le te ly , and t r a n s f e r  tim es from
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fu rn ace  to  j i g  must a lso  be s ta n d a rd ise d .
The work o f  Obinata*^^ and French?*^ in d ic a te s  th a t  
where n o n -s tan d a rd  specim ens o r  n o n -s tan d a rd  co o lin g  media 
a re  em ployed, v e ry  d i f f e r e n t  co o lin g  curves w i l l  be o b ta in e d .
A review  lias a ls o  been made o f  th e  f a c t o r s , c o n t ro l l in g
-} on
quenching power, which a re  in h e re n t in  th e  co o lin g  media
T 1 QP a r r is  H irsc h  and F ro s tx“  ^ have shown th a t  where 
specimens have to  be enc lo sed  in  some f o r a  o f  c o n ta in e r  ( e . g . ,  
f o r  p re v e n tio n  o f  o x id a t io n ) ,  th e  co o lin g  r a te s  can be 
ex trem ely  v a r ia b le  on quenching.
(2) I n v e s t ig a t io n s  in to  the C o r re la tio n  o f  
Iso th e rm a l and Continuous Coollnp:
Trans fo rm a tio n s .
Methods o f  c o r r e la t in g  th e  two types o f  tra n s fo rm a tio n
have been review ed by Hollomon, J a f f e  and N orton1®^ * N early
a l l  a ttem p ts  have been based  on th e  h y p o th e s is  o f  a d d i t iv i t y
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o f  f r a c t io n a l  in c u b a tio n  tim es , as proposed by S c h e ll  (1955). 
A ccording to  t h i s  p r in c ip le ,  tra n s fo rm a tio n  i s  i n i t i a t e d  on 
con tinuous c o o lin g  when th e  sum o f  te rn s  such a s  t/T j[ reach es 
u n i ty ,  where t  r e p re s e n ts  th e  tim e sp en t in  a c e r t a in  
tem p era tu re  ran g e , and re p re se n ts  th e  in c u b a tio n  p e rio d  
a p p ro p r ia te  to  t h a t  tem pera tu re  ran g e . The p ro g re ss  o f  
t  rans f  o m a t  io n  i s  lik e w ise  fo llow ed by th e  summation o f  
te rn s  such as t / T P, where TP re p re s e n ts  th e  tim e re q u ire d  
to  com plete tra n s fo rm a tio n .
S c h e i l10^ em phasised th a t  t h i s  type o f  summation cou ld  
on ly  be expected  to  g ive  r e s u l t s  where i t  had been  p re v io u s ly  
a s c e r ta in e d  th a t  th e  re a c tio n s  o v er th e  p a r t i c u la r  tem p era tu re  
range concerned were continuous and a d d i t iv e .  C onsequently  
s e v e ra l  s e p a ra te  summations had to  be u sed  in  s t e e l s  where
i t  was shown th a t  th e  p e a r l i t i c  and b a l n i t i c  tra n s fo rm a tio n s  
were d e f in i t e ly  n o n -a d d itiv e ^ * ^ >108,109^ P ro -eu tec  to ld  
f e r r i t e  and p e a r l i t e  have been shown to  approxim ately  
a & d it iv e ^ ^ .
C o n tra c to r  and P a ra n jp e ^ ^  have In d ic a te d  th a t  where 
n o n -a d d itiv e  r e a c t io n s  a re  concerned, an a r b i t r a r y  d iv is io n  
o f tem p era tu re  ran g es may be inadequate- and i t  m ight be b e t t e r  
to  assume a d d i t i v i t y  and in c lu d e  a w eighing f a c to r  i n  the  
r e q u is i te  p a r ts  o f  th e  f m o t io n a l  tim es.
I t  i s  g e n e ra lly  ad m itted  th a t  i t  i s  d i f f i c u l t  to
s e p a ra te  th e  e f f e c t s  o f  one r e a c t io n  on a n o th e r , a lth o u g h  th e
re a c tio n s  may bo n o n - a d d i t iv e ^ ^ > Even in  an
a d d i t iv e  r e a c t io n  such  as the  fo rm ation  o f  p e a r l i t e ,  i t  i s
d i f f i c u l t  to  o b ta in  com plete c o r r e la t io n  f o r  iso th e rm a l and
con tinuous co o lin g  tra n s fo rm a tio n s  s in c e  iso th e rm a l p e a r l i t e
lias a c o n s ta n t in te r l a m e l la r  d is ta n c e ,  whereas a range o f
**1
spacings e x i s t  i n  th e  co n tin u o u sly  cooled  product' •
N o tw ith stan d in g  the  d i f f i c u l t i e s  o u tl in e d  above, s e v e ra l  
su c c e s s fu l  c o r r e la t io n s  have been made w ith  carbon  and a l lo y  
s t e e l s  s H I  9 II^j
(5) In v e s t ig a t io n s  in to  th e  O ccurrence o f  
3 a in i  t i c  31rue t u r e s .
B a in i t ic  S tru c tu re s  have n o t been accorded  the  same 
amount o f  in v e s t ig a t io n  as E u tec to id  o r  M a rte n s I tic  R eac tio n s .
This may be t r a c e d  to  th e  lo n g -s ta n d in g  assum ption  th a t  a l l  
ty p es  o f  in te rn e  d ia ry  tr a n s  form at io n  p roducts were v a r ia n ts  
o f  one b a s ic  tra n s fo rm a tio n  mechanism. P re c is e ly  because 
i t  i s  an  in te rm e d ia ry  p ro d u c t, B a in ite  can  e x h ib i t  many 
d i f f e r e n t  c h a r a c t e r i s t i c s .  The B a ln i t ic  R eac tio n  has been 
s tu d ie d  Them o& ynam ieally^0®, Mic ro o t rue t u r a l l y ^ ^  and 
K in e t ic a l ly s^^ , and g e n e ra l c h a r a c te r i s t i c s  have been review ed 
by P aran jpe  and K a u s h a l^ 2 . Ho d e f in i t e  in fo rm a tio n  lias 
appeared  in  l i t e r a t u r e  reg a rd in g  B a ln i t ic  p ro d u cts  In  non- 
fe r ro u s  a l lo y s .
B a in ite  appears d e f in i t e ly  a s s o c ia te d  w ith  p ro -e u te e to id  
f e r r i t e ,  and w ith  a d i f fu s io n  m echanism ^ The c r y s ta l lo -  
g rap h ic  a s p e c ts  seem much more u n p re d ic ta b le  th a n  f o r  
M a rte n s I tic  r e a c t io n s ,  where c o n s id e ra b le  p ro g re ss  has been 
made v ery  r e c e n tly ^ 5 ,7 b ,77 ,175e
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SECTION I I I .
DEVELOPMENT OF APPARATUS AND TECHNIQUES.
(A) Development o f  an Automatic
End-Quenching P ro c e a s .
P rev ious work and p re lim in a ry  experim ents in d ic a te d  th a t  
f o r  s u c c e s s fu l  end-quenching i t  would be n ecessa ry  to  o b ta in  
minimum tim e d e lay s  in  t r a n s f e r  o f  th e  specim en, a maximum 
quench r a t e ,  and re p ro d u c ib il i ty *  I t  was co n s id e red  th a t  
th e  specim en s iz e  cou ld  be co n s id e rab ly  reduced from th e  
1” ' d i a . b a rs  employed in  th e  Jominy t e s t ^ ^  in  view o f  
m icro h ard n ess  t e s t i n g  and th e  advantage o f  a low er h ea t 
content*  Bars o f  90-100rsii le n g th  and 6*25mm dia* ( | n) 
proved v e ry  s u i t a b le .
In  o rd e r  to  reduce t r a n s f e r  tim e , an  au tom atic  t r a n s f e r  
o f  th e  specim en from th e  h o ld in g  fu rnace to  th e  quenching 
j i g  was en v isag e d | th e  mechanism o f  th i s  t r a n s f e r  coupled  
w ith  th e  reduced  s i s e  o f  specim en caused co n s id e rab le  
m o d if ic a tio n  o f  th e  Jominy P ro cess . A v e r t i c a l  fu rn ace  was 
u sed  in  o rd e r  to  a llow  g r a v i ta t io n a l  f a l l  o f  th e  specimen 
to  th e  j i g .  I t  had been co n s id e red  th a t  sy n c h ro n isa tio n
44.
m ight be e f f e c te d  betw een th e  th re e  u n i te  c o n tro l l in g  th e  
r e le a s e  o f  th e  b a r ,  th e  opening o f  th e  fu rnace  p lu g , and th e  
quenching a p ray , bu t t h i s  was abandoned in  view o f  th e  la rg e  
number o f  moving p a r ts  re q u ire d .
D ire c t  end*quenching o f  a sm all b a r  proved d i f f i c u l t ,  
so i t  was d ec id ed  to  u se  an  immersion method to  o b ta in  th e  
re q u ire d  g rad ien t o f  co o lin g  r a t e s .  This method o f  quenching 
i s  n a tu r a l ly  more d i f f i c u l t  to  c o n t ro l ,  s in c e  i t  i s  n e c e ssa ry  
to  keep th e  w a te r  le v e l  a b s o lu te ly  c o n s ta n t ; b u t t r i a l  o f  
th e  method showed th a t  v e ry  good r e p r o d u c ib i l i ty  cou ld  be 
o b ta in ed , The method lias th e  advantage th a t  th e  co o lin g  
r a te s  can be a l t e r e d  by a d ju s t in g  th e  d ep th  o f  imm ersion.
I n i t i a l  experim ents showed th a t  i t  was d i f f i c u l t  to  
produce a t r u e  v e r t i c a l  movement o f  th e  specim en w ith o u t 
u s in g  some form o f  g u id e . S ince i t  was a lso  d e s ire d  to  
o b ta in  a p o s i t iv e  r e g i s t r y  o f  specim en and j i g ,  a c y l in d r i c a l  
head was d es ig n ed  to  a c t  as  a combined guide and stop#
The o r ig in a l  head caused  i n s t a b i l i t y  in  f l i g h t  due to  
a bad ly  p laced  c e n tr e  o f  g ra v i ty  f o r  th e  assem bly; th e  
d es ig n  o f  th e  head was a c c o rd in g ly  amended to  reduce I t s  
w eight r e l a t i v e  to  th a t  o f  the  b a r . The f i n a l  d es ig n  
c o n s is te d  o f  a hollow  tru n c a te d  cone w ith  th ro e  sym m etrica lly  
p laced  vanes a c t in g  as a p o s i t iv e  lo ck  in  a hollow  c o n ic a l  
j i g .  (P ig . 5 .)
Quenching r-.pparu fcu
4B>.
The f i n a l  ap p a ra tu s  evolved i s  shown in  Fig* 6. The 
fu rnace (A) i s  mounted on a s ta n d  (B) which b e a rs  th e  r e le a s e  
g ea r (0) and a column (B ), to  which a re  a t ta c h e d  mechanisms 
f o r  moving th e  bottom  p lug  o f  th e  fu rn ace  (E ), and th e  
c o n ic a l j i g  (F ) . A ttachm ent o f  the  f i t t i n g s  to  the  s ta n d  
allow s th e  fu rn ace  to  be in te rch an g ed  in  the ev en t o f  
f a i l u r e  of' th e  winding*
The bottom  plug  i s  r e le a s e d  by a downward movement o f  
th e  arm (G) fo llow ed  by a s id e  movement* The arm i s  
norm ally  locked  in  p o s i t io n  by th e  c a tc h  (II) * The lo v e r  
system  (J) a llow s easy  r e p o s i t i o n i n g  o f  the  p lug . The 
r e f r a c to r y  p lug  i t s e l f  i s  h e ld  in  p o s i t io n  by screws in  th e  
r in g  (It) so th a t  i t  can be e a s i ly  replaced*
The specim en b a r  (1) i s  locked  in to  the  s t a i n l e s s  -s tee l 
f l i g h t  to p  (I-!) to  an a c c u ra te ly  known d ep th , and i s  suspended 
by a w ire  (I!) w hich in  tu r n  i s  connected  o u ts id e  th e  fu rn ace  
to  a c o tto n  s t r a n d (0) p a ss in g  over p u lle y s  to  th e  qu ick - 
ro le a se  catch.*
The therm ocouple (P) i s  p o s it io n e d  as  c lo s e ly  as  
p o s s ib le  to  th e  b a r . An i n l e t  (Q) a llow s the  u se  o f  a 
n i  t  rogen a tmo sphe re  *
The r in g  sp ray  (R) i s  fed  by a c o n s ta n t p re ssu re  w a te r  
su p p ly , and th e  w e ir  (S) ensu res th a t  a constant, le v e l  o f  
w a te r i s  k ep t In  th e  quenching tank  (T ).
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A ll th e  f i t t i n g s  have screw ad justm en ts  w hich a llow  
c o r r e c t  p o s i t io n in g  and alignm ent o f  a l l  p a r ts ,  The Cone 
J ig  can be moved along  th e  column (D) and g rad u a tio n s  on 
th i s  column a llo w  c o n tro l  o f  th e  d ep th  o f  b a r  immersed.
(B) The D ete rm in a tio n  o f  Cooling Hates 
along; End-*quenched B ars.
C ooling r a te s  were m easured by a T in s ley  H igh Speed 
R ecorder in  c o n ju n c tio n  w ith  ra p id ly  responding 33 SWG 
Chrome 1 Alumel therm ocouples, A s l i g h t  m o d if ic a tio n  o f
th e  specim en head assem bly (F ig , 7) a llow ed th e  co n n ec tio n  
o f  th e  thermo couple le ad s  to  any d e s ire d  p o in t on the bar*
The 33 gauge w ire  proved to  b© v e ry  f r a g i l e ,  e s p e c ia l ly  
a t  welded ju n c tio n s*  22 gauge w iro was th e re fo re  u sed  to  
com plete th e  c i r c u i t  (Fig* 7 ), The specimen fo m ed  th e  
a c tu a l  h o t ju n c t io n , therm ocouple w ires being  in  c o n ta c t 
w ith  i t  a t  d ia m e tr ic a l ly  o p p o site  p o in ts . A t h in  c o l l a r  
w ith  a c o n ic a l  ta p e r  was used  to  ensure  a  p ro p e r c o n ta c t 
w ith o u t a p p re c ia b ly  a f f e c t in g  th e  h e a t t r a n s f e r  in  th e  body 
o f  th e  bar* T r i a l  runs in d ic a te d  th a t  th e re  was v ery  
l i t t l e  d if fe re n c e  in  co o lin g  r a te s  a t  v a r io u s  p o in ts  a c ro s s  
any g iv en  d ia m e te r , so su rfa c e  measurements were u t i l i s e d .  
The reco rd in g  drum gave a 1” tr a v e r s e  p e r  1 second, and th e  
galvanom eter d e f le c t io n  proved to  be a c c u ra te ly  l in e a r  w ith
tem perature* S ince i t  m a  d i f f i c u l t  to  u se  a  g ra v i ty  drop  
w ith  th e  coup le  a t ta c h e d  t o ' th e  specim en, th e  assem bly m s  
low ered m anually  as  q u ic k ly  as p o s s ib le ,  b u t a  tem pera tu re  
drop 25-50° was observed* The zero  p o in t fo r  tem pera tu re  
changes o c c u rr in g  on quenching was th e re fo re  o b ta in e d  by 
in te r p o la t io n  In  th e  ca se  o f  th o se  curves where very  s h o r t 
c o o lin g  tim es were in v o lv ed . F or co o lin g  cu rves a t  h ig h e r  
■points in  th e  b a r ,  th e  d is c re p a n c ie s  duo to  s l i g h t  co o lin g  
on t r a n s f e r  co u ld  bo co n s id e red  n e g l ig ib le .
fh e  p o in ts  a t  w hich co o lin g  r a t e s  wero m easured a re  
l i s t e d  in  f a b le  X I I I , th e  d is ta n c e s  a lo n g  th e  b a r  be ing  
m easured w ith  re fe re n c e  to  th e  w a te rs  quenching lev e l*  Complete 
co o lin g  c u rv e s , p lo t te d  lo g a r i th m ic a l ly ,  a re  shown in  F ig * 8 , 
th e  d a ta  o b ta in e d  from tioe re c o rd e r  b e in g  l i s t e d  in  fa b le  
XIV*
file  shape o f  th e  cu rv es shows th a t  i t  i s  In a d v isa b le  
to  u se  any one co o lin g  r a t e  a s  a  g o n e ra l re p re s e n ta t iv e  
c r i t e r i o n  o f  th e  whole co o lin g  sequence a t  any one p o in t;  
however I f  th e  tim e to  h a l f  tem pera tu re  (©5Q°G) i s  ac cep ted  
as  such  a c r i t e r i o n .  I t  ap p ears th a t  th e re  i s  a  f a i r l y  
l i n e a r  r e la t io n s h ip  between the  r a te  o f  co o lin g  a t  a  g iven  
p o in t In  th e  b a r  and I t s  d is ta n c e  from th e  quench le v e l  
(Pig* 9)* This a llow s a reaso n ab ly  a c c u ra te  in te r p o la t io n
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fo r  the  co o lin g  r a t e  a t  any g iven  p o in t o f  th e  b a r . S e v e ra l 
in te rp o la te d  c.ooling curves have been drawn in  F ig . 3 fo r  
the  parposes o f  c o r r e la t in g  continuous and iso th e rm a l 
tra n s fo rm a tio n  diagram s (see  S ec tio n  V ). These e x tra  
curves r e l a t e  m ainly  to  h ig h  co o lin g  r a te s  n ea r th e  w a te r  
le v e l ,  where i t  proved ex p e rim en ta lly  d i f f i c u l t  to  p rev en t 
momentary access  o f  w ate r to  th e  therm ocouple le a d s .
S ev e ra l d i f f e r e n t  a l lo y s  were used  in  the  d e te rm in a tio n  
o f  co o lin g  r a t e s ,  and from F ig . 9 i t  would ap p ear th a t  
changes in  c o o lin g  r a te s  w ith  com position  can  be s a fe ly  
n e g le c te d .
W hile a d m itte d ly  o f  no g r e a te r  v a l i d i t y ,  I t  seems more 
conven ien t to  ex p ress  r a te s  o f  co o lin g  d i r e c t ly  as ° c / s  e c , 
r a th e r  th a n  as  tim e to  h a l f  tem p era tu re . The r a te  o f  
co o lin g  a t  h a l f  tem p era tu re  was co n s id e red  as  a p o ss ib le  
c r i t e r i o n  s in ce  th e  co o lin g  curves a r e  most r e g u la r  a t  t h i s  
te m p e ra tu re , and s in c e  i t  su b seq u en tly  t r a n s p i r e d  th a t  th e  
maximum r a t e  o f  r e a c t io n  in  Co poo r-T in  a l lo y s  a ls o  o ccu rred  
a t  a s im i la r  tem p era tu re  ( 350°C) *
Table X III in d ic a te s  however th a t  th e  co o lin g  r a t e  a t  
350°C does n o t obey such a marked l in e a r  r e la t io n s h ip  w ith  
d is ta n c e  from quench le v e l  as was observed fo r  th e  tim e to  
h a l f  tem p era tu re  c r i t e r i o n .
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TABLE X X II,
The V a r ia t io n  o f  C ooling Rate with. D istan ce  along; 
End-Qnenc lied Ba r s .
C ooling
Curve
D istan ce  
from 
W ater Level 
(em)
C ooling Time 
to  H a lf  
Tem perature 
(350°C) 
secs
Cooling 
Rate a t  
350°C 
(400-500°) 
°C /sec .
Log
C ooling
Rate
I 0 . 0 0 0 .9 715 2.85
*I Si 0 .25 1 .5 154 2 .19
lb 0 .50 2 ,5 67 1 .83
XI 2 .50 3 .7 33 1.51
I I I 5 .50 5 .8 2 0 1.50
I l i a 4 .50 1 2 . 0 1 2 1.08
n i b 5 ,50 14.0 9 .5 0 .98
IV 6 , 0 0 17.7 7 .5 0 . 8 8
V 14,00 34.2 7 ,8 0*89
VI 19.50 47,5 3 .4 0 .53
V II . 25,00 55 .7 3 .3 0.52
V III 26.50 62,0 4 .1 0 ,62
IX norm alised 137,0 1 .7 0 .23
* Curves w ith  s u b s c r ip ts  were o b ta in ed  by
i n t  0  rp o la  t I o n .
Ctnmalative Times n ecessa ry  to  Cool from. 700°C to
l o  ora T ev,me ra  tur*e.
Coolinp: Curve
Temp. I I I I l l IV V VI VII v n a IX
6B0°C 0 .18 0 . 2 0 0 , 2 0 0« oO 0,35 0 ,4 0 . 6 1 .3 o o
665 0 .30 0,25 0.35 0 ,50 0.90 1 .5 2 , 0 6 .5 5 ,5
650 0 .35 0.35 0.45 0,85 1,70 ■ 2 , 8 3 , 6 8 . 0 8 ,3
625 0 .4 0 0 , 40 0,60 1.30 2 .60 4 .7 6 ,3 1 0 . 6 15.5
600 0 .50 0,55 0.80 1 ,7 0 3,80 7 .3 9 ,2 13,0 07iTuJ d, 0
550 0.65 0 ,80 1 , 0 0 ■2,80 6 ,50 12,5 15,5 17 .8 34,5
. 500 0 .75 1 , 2 0 1.50 5*30 1 0 , 0 18,4 2o . o 24.0 5 0 ,5
450 0.80 1,75 2 .40 8 . 0 0 14, 0 25.0 31 .0 34,0 7 7 .0
400 0.85 2 .50 4 .10 1 2 , 2 0*7 oCj { , fiJ 34,6 43 ,5 47 ,3 107*
350 0 .92 3.70 5 . SO 17.7 24 .2 47,5 55 ,7 62.0 137*
500 0.99 5,60 8,90 25.5 40 ,0 64,0 73,5 72,0 167*
250 1. Go 8,40 13.5 36 ,0 53 ,0 74.0* 1 0 0 * 108 182
2 0 0 1.15 13,5 OO KV 6  0 . 0 78 .0* 190 150 170 2 4 2
150 1.30 24,5* 42 ,0 95 ,0 130 •* 190 nrvxJfc6CJ-J 342
1 0 0 2 , 0 0 **» 83.0 180 230 425* 542
50 5 .50 523* - 373 m 350 700* -
(*I n te r p o la te d )
S i.
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In tG ro o la te d  V alues o f  th e  Hate o f  C ooling
a ji>ir yw.a. .1% .. ,nnni'^ra>xnt»^i« Mi«w;Bim.i ■■inii»iijm w r.ffir.-»r.ffc.,MHJM»ii»n. i>un—mm n* mi mi hi....■ ; nmi.i'» 'm h h h h  f  ».■> . Ai i ja t  S p e c if ic  P o s itio n s  in  Jiod-auencnea Bara
(Frora F ig .9}
D istan ce  from 
W ater Level (mm)
Hat© o f  Cooling 
O0/SQC
0,05 500
0*15 250
0.50 1 0 0
1 , 0 0 50
2,50 cr.
5 ,00 20
4,00 15
5.00 1o«L w
6 . 0 0 1 0
7.00 9
8 , 0 0 3
9,00 7
1 1 . 0 0 6
15.00 5
18,00 4
T his confirm s th e  d i f f i c u l t y  o f  any a ttem p t to  re p re s e n t 
a. whole c o o lin g  curve by a s in g le  f a c to r .
N ev e rth e le ss  i t  was co n s id e red  th a t  s u f f i c ie n t  accuracy  
would be a t ta in e d  by u s in g  in te rp o la te d  v a lu es  o f  th e  r a te  
o f  co o lin g  a t  350°G, and th e se  a r e  l i s t e d  in  Table XV.
In  o rd e r  to  f a c i l i t a t e  expression , and com parison, and 
in  view o f  th e  u se  o f  in te r p o la t io n ,  convenien t in te g r a l  
v a lu es  h iv e  been a ss ig n ed  to  th e  r a te s  o f  c o o lin g .
(0 ) Development o f  Iso th e rm a l H eat-T reatm ent
P rocedure.
In  o rd e r  to  o b ta in  ra p id  h e a t e x t r a c t io n  and  a tta in m e n t 
o f  th e  tem p era tu re  o f  th e  iso th e rm a l b a th  th e  specim en s iz e  
was made a s  sm a ll as p o s s ib le . D iscs were c u t from b a rs  
s im i la r  to  those  u sed  fo r  end-quenching 3 dim ensions o f  th e s e  
d is c s  were 6.25ami d ia .  and lxam. th ic k n e s s . The d is c s  wero 
suspended on w ire  su p p o rts  and suspended in  b a tch es  o f  s ix  
specimens in  a v e r t i c a l  tube fu rnace  o f  id o n t i c a l  p a t te r n  
to  th e  one used  in  the end-quenching a p p a ra tu s .
Tills h o ld in g  fu rn ace  was suppo rted  o v er a n o th e r  v e r t i c a l  
tube fu rn ace  w ith  a s u i ta b le  gap f o r  th e  e x t r a c t io n  o f  th e  
specimens (F ig . 10) • The iso th e rm a l b a th  c o n s is te d  o f  a 
s t e e l  c o n ta in e r  supported  on a r e f r a c to ry  b lock  in s id e  th e  
low er fu rn ace  5 the  medium used in  th i s  c o n ta in e r  v a r ie d
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acco rd ing  to  th e  tem p era tu re  o f  tre a tm e n t. Specimens were 
t r a n s f e r r e d  by g r a v i ty  from th e  upper fu rnace to  th e  
iso th e rm a l b a th ,  and quenched m anually  from th i s  b a th  in to  
w a te r.
While t h i s  procedure worked w e ll where the  in c u b a tio n  
p e rio d s  wore o f  reaso n ab le  le n g th , i t  was co n sid ered  th a t  
th e  r e s u l t s  a t  tim es le s s  th an  2-3 seconds cou ld  n o t be 
co n s id ered  v ery  r e l i a b le .  S ince th e  iso th e rm a l work was 
on ly  u n d ertak en  f o r  th e  purpose o f  checking  th e  con tinuous 
co o lin g  tra n s fo rm a tio n s , i t  was n o t co n sid ered  w orth  w h ile  
to  a ttem p t any b e t t e r  accu racy , and in te r p o la t io n  methods 
were u sed . (See S ec tio n  V )•
Lead was p redom inan tly  used  as an  iso th e rm a l medium.
At tem p era tu res  below 350°C t h i s  was changed to  a Ph-Sn-Bi 
a l lo y ,  and a t  tem p era tu res  in  the range 180-10Q°0 u se  was 
made o f  G ly co l. I t  was found th a t  o i l  had an  in s u f f i c i e n t ly  
ra p id  h e a t - e x t r a c t io n  r a t e ,  and caused  com plete tran sfo rm ­
a t io n  d u rin g  co o lin g  in  th e  o i  1 -b a th .
Long tre a tm e n t tim es a t  e le v a te d  tem p era tu res  in  le ad  
causod c o n s id e ra b le  in to rg ra n u la r  a t ta c k  o f  b in a ry  copper- 
t i n  a l lo y s ,  w hich p rec luded  the  u se  o f  a load  b a th  f o r  th e  
I n i t i a l  h e a tin g  o f  th e  specim ens.
The u se  o f  le ad  fo r  th e  m a jo rity  o f  iso th e rm al 
tem pera tu re  tre a tm e n ts  on ly  proved p o ss ib le  because o f  th e  
ra p id  tra n s fo rm a tio n  r a te  o f  th e  a l lo y s .
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(D) Tem perature C o n tro l*
S ince th e  m a jo r ity  o f  h e a t- tre a tra e n ts  d id  n o t re q u ire  
long -term  tem p era tu re  co n tro l*  Type TXB Sunvie Energy 
R eg u la to rs  were used w ith  s u i ta b le  ad ju stm en ts  o f  r e s i s ta n c e .
An E ther*»G apaeitro l~X aetline E le c tro n ic  in s tru m en t was 
used  when more a c c u ra te  tem p era tu re  c o n tro l  was re q u ire d .
A ll  tem p era tu re  r e g u la t in g  equipment was mounted on a c e n t r a l  
panel* a llo w in g  th e  g en e ra l u se  o f  th e  most s u i t a b le  c o n tro l  
f o r  a l l  fu rn aces  a t  any g iv en  tim e. F or some o f  th e  low 
tem pera tu re  tre a tm e n ts  in  Glycol* a m ercury therm om eter 
p rovided  th e  s im p le s t and most a c c u ra te  c o n tro l .
P re lim in a ry  experim ents were made to  e s t a b l i s h  th e  
tem pera tu re  d i s t r i b u t io n  in  th e  ond-quenching a p p a ra tu s  
and in  th e  iso th e rm a l tra n s fo rm a tio n  b a th . I t  was c o n s id e red  
un n ecessary  to  in v e s t ig a te  the h o ld in g  fu rnace f o r  iso th e rm a l 
tre a tm en t s in c e  the  specimens'v/er© sm a ll, and sym m etrica lly  
suspended around the  h o t ju n c tio n  o f  th e  th e  m o coup le .
A lthough v e r t i c a l  tube fu rn aces a re  prono to  severe  
tem p era tu re  g r a d ie n ts ,  i t  proved p o ss ib le  to  o b ta in  a 5” 
zone w ith  a v a r i a t io n  o f  « 5°G a t  70Q°C* At tb s low er 
tem p era tu res  o f  th e  iso th e rm a l b a th  th e  accu racy  was 
e s tim a ted  a t  £ 3°G.
(E) M icro-hardness T es tin g  o f  End-quenched B a rs .
D e ta i ls  o f  th e  s ig n if ic a n c e  o f  m icrohardness t e s t in g  
a re  d isc u sse d  in  Appendix I  . M ention should  however be 
made o f  th e  developm ent o f  a j i g  which enab led  any p o in t in  
th e  b a r  to  be indexed .
I t  was co n s id e red  th a t  th e  b a rs  should  bo mounted in  
some way w hich would p e n u lt ready and a c c u ra te  r e p e t i t io n  
o f  any m icro liardness t e s t ,  and which would a t  th e  same tim e 
a llow  th e  lo c a t io n  o f  m icro s t r u c tu r a l  e f f e c t s  o f  p a r t i c u l a r  
i n t e r e s t .
The a lc ro h a rd n e s s  t e s t e r  was mountod on a m icroscope 
which had a t r a v e l l i n g  m icrom eter s ta g e . I t  was decided  
to  ta k e  f u l l  advantage o f  th e  m icrom eter movement* which, 
was in  s te p s  o f  0 . 0 1 mm, b u t which had u n fo r tu n a te ly  a l im ite d  
t r a v e r s e  o f  1.5cm* A ccordingly  a j i  g was designed  which 
cou ld  be a c c u ra te ly  lo c a te d  on the  m icrom eter stag©* and 
which allow ed movement o f  th e  b a r  so as to  enab le  a  f u l l  
t r a v e r s e  to  be made by r e p e t i t iv e  u se  o f  th e  s ta g e  
m icrom eter (Pig* 11).
The J ig  was lo c a te d  by means o f  a re ce ssed  p la te  (A )* 
which c a r r ie d  th e  main specim en h o ld e r  in  a grooved p a th  (B).
A c e n tim e te r  s c a le  a long  th e  groove and a lo c a tin g  mark 
on th e  body o f  th e  specimen h o ld e r  a llow ed  th e  specim en to
F ig .11 i^icrohardness J ig
F ig . 12 End-Quenched. B ars in  v a r io u s  
s ta g e s  o f  p repara tion®
(A ). As C ast
(B ). Rough P o lish e d
(C ). F in a l P o lis h
(D ). E tched
f—5u «
be moved when th e  i n i t i a l  m icrom eter tr a v e rs e  came to  i t s  
lim it*
The specim en i t s e l f  was lo c a te d  a c c u ra te ly  by moans o f  
two clamps (C ) and an end p la te  (D) *
T his method allow ed an accuracy  o f  lo c a t io n  o f  t  50 M «
SECTIOH IV*
PROCESSING A HD ANALYSIS OF ALLOYS.
The proposed re s e a rc h  programme re q u ired  th e  m anufacture 
o f  sm all b a tch es  o f  b a rs  having  a lor/ c ro s 3  s e c t io n a l  a re a  
and many d i f f e r e n t  com positions.
. I t  was dec id ed  th a t  c a s t in g  to  shape would be f a r  s o re  
econom ical th an  a tte m p tin g  a working o p e ra tio n . The 
honogeniby o f  such  b a rs  was shown to  be s u r p r i s in g ly  good 
excep t f o r  a v e ry  th in  su rfa c e  s k in , and f u l ly  j u s t i f i e d  th e  
avoidance o f  f a b r ic a t in g  a very  b r i t t l e  m a te r ia l#
(A.) C a s tin g .
The a l lo y s  were c a s t  a s  b a tch es  o f  e ig h t b a rs  in  a s p l i t  
m ild  s t e e l  mould, u s in g  a l i g h t  d re s s in g  o f  o i l - d a g .  A 
s H i t - r o d  fu rn ace  was used  to  m elt th e  a l lo y s ,  t h i s  o p e ra t io n  
being  conducted in  g ra p h ite  c ru c ib le s  u n d er a co v e r o f  
charcoal#
A d d itio n s  o f  T in  and Aluminium were mad© d i r e c t ly  to  
th e  m e lt, v /hile S i l ic o n ,  B ery lliu m , Manganese and N icke l 
were added in  th e  fo ra  o f  h a rd en e rs .
Ho d e o x id is in g  trea tm en t was perform ed on th e  b in a ry
a l lo y s  , o th e r 'th a n  .thorough s t i r r i n g  w ith  a carbon  rod , Most 
o f  th e  te rn a ry  a l lo y s  co n ta in ed  an  elem ent which m s  capab le  
o f  e f f i c i e n t l y  d e o x id is in g  the  m e lt,
. A ll  a l lo y s  were rem elted  a t  l e a s t  once In  o rd e r  to  
p rev en t lo n g i tu d in a l  s e g re g a tio n  in  and amongst th e  b a rs  of 
a g iv en  batch*
(B) Homogenising*
The a l lo y s  were su b seq u en tly  homogenised a t  745°0 f o r  
1 2  hours in  a red u c in g  atmosphere* This hom ogenising 
tem p era tu re  was amended s l i g h t l y  where i t  was found th a t  th e  
s o lid u s  tem p era tu re  d ep a rted  a p p re c ia b ly  from 755°C♦ This 
tre a tm e n t j u s t  below th e  s o lid u s  was found to  g iv e  a very  
co a rse  g r a in - s i z e ,  v e ry  s u i ta b le  f o r  the study o f  g ra in -  
boundary r e a c t io n s ,  and th e  u se  o f  th e  m lcronardness te s te r*  
I f  f in e  g r a in - s lz e s  were r e q u ire d , th e  an n ea lin g  tim e was 
reduced*
The dim ensions and su rfa c e  appearance of a l l  b a rs  were 
checked p r io r  to  use  in  an end*quenching experim ent* P re ­
lim in a ry  experim ents in d ic a te d  th a t  w ith in  l im i t s ,  adequate  
r e p r o d u c ib i l i ty  depended more on th e  n a tu re  o f  any ox ide f i lm  
produced on th e  su rfa c e  r a th e r  th a n  th e  p re p a ra t io n  o f  th e  
surface*
co
*
S urface  p re p a ra t io n  p re p a ra to ry .to  m icroscop ic  examin­
a t io n  proved to  be an  im p o rtan t f a c to r .  Any form o f  
m echanical a b ra s io n  produced s u f f i c i e n t  'owtonlioal d efo rm ation  
to  c r e a te  d efo rm atio n  m arten site*  A ll f i l i n g  and p o lis h in g  
was th e re fo re  done by hand, t h e ' specim en being  h e ld  in  a 
sim ple b u t e f f e c t iv e  h o ld e r .
W herever p o s s ib le ,  e le c t ro p o l is h in g  was u t i l i s e d  to  
remove any deformed la y e r  s t i l l  r e s id in g  a f t e r  p re lim in a ry  
o p era tio n s*  F o r t h i s  purpose th e  -specimen su r fa c e  had to  
be t r e a te d  in  s e c t io n s ,  due to  th e  d i f f e r e n t  r e a c t io n  products#  
A s u i ta b le  h o ld e r  was d ev ised  f o r  th e  p o lis h in g  o p e ra t io n , 
and a m y l-a ce ta te  m ix tu res were found s u i ta b le  f o r  any 
n ec essa ry  s to p p in g -o f f  process*
F ig u re  12 i l l u s t r a t e s  th e  appearance o f  an end*-quenched 
b a r  in  v a r io u s  s ta g e s  o f  p re p a ra t io n , and a ls o  th e  two 
h o ld e rs  u sed  fo r  m echanical and e le c t ro  p o l l  siring o p e ra t io n s . 
Many d i f f e r e n t  e tch in g  ag en ts  were t r i e d ,  th e  most 
e f f i c i e n t  being  a s o lu t io n  o f  f e r r ic '• c h lo r id e  In  d i lu te  HC1 
and c i t r i c  a c id .  P o la r is e d  l i g h t  exam ination  d id  n o t r e v e a l  
any a d d i t io n a l  in fo rm a tio n .
(D) P re p a ra tio n  o f  Specimens fo r  Iso th erm al Work,
Specimens f o r  t h i s  purpose c o n s is te d  o f  d is c s  c u t  from 
c a s t  and homogenised b a rs . A part from h e a t - t r e a t i n g  th e
b ars  to  g ive  maximum d u c t i l i t y  (a f u l l  quench) l i t t l e  cou ld  
bo done to  - f a c i l i t a t e  the  c u t t in g  o p e ra tio n  m e ch an ica lly , 
and th e  d is c s  had to  bo c u t by hand. Likewise I t  proved 
d i f f i c u l t  t o .stamp id e n t i f i c a t io n  m arkings o r  produce h o le s  fo  
the  su sp en sio n  o f  th e  specim ens. S lo ts  cu t In to  the  edge o f  
th e  d is c s  were f i n a l l y  u sed  fo r  b o th  th ese  purposes*
Iso th e rm a lly  t r e a te d  d is c s  were mounted In  b a tch es o f  
up to  14 in  a co ld  s e t t i n g  Ilareo r e s in .  O rdinary  Mounting 
P ress  methods' proved in a d m iss ib le  owing to  decom position  o f  
the  a l lo y s  a t  m ounting tem peratures*
(E) .A nalysis*
Every end-quenched b a r  was an a ly sed  b o th  by sp e c tro sc o p ic  
and chem ical m ethods, A f u l l  a n a ly s is  o f  every  m ajor 
a l lo y in g  c o n s t i tu e n t  was made in m o s t  o ases . S p ec tro sco p ic  
and Chemical methods showed good agreem ent in  th o se  cases  
where th e  amount o f  th e  a l lo y in g  elem ent was in  th e  range 
0 *1 - 0 .5 $ .
A nalyses were conducted by A.X.D* methods* F ig u res  
have n o t been quoted to  more th a n  one decim al p la ce  in  tho 
case o f  Copper and T in , s in c e  a t  th e  h ig h  t in - c o n te n ts  o f  
th e se  a l lo y s  th e  accuracy  o f  d e te rm in a tio n  canno t be g r e a te r  
th an  £ 0 * l°/o
Where r e p e t i t i v e  an a ly se s  have been made from d i f f e r e n t
b a rs  o f  th e  same a l lo y ,  c o n s is te n t  r e s u l t s  w ith in  th e  same 
accuracy  l im i t s  ( l 0 »l$) were o b ta in ed .
Samples fo r  chem ical a n a ly s is  were tak en  from tho  m iddle 
p o r tio n  o f  a b a r ,  (where th e  most Im portan t re a c t io n s  were 
observed m ic ro s c o p ic a lly ) ,
S p e c tro sc o p lc a l a n a ly s is  was conducted by spa racing th e  
to p  end o f  an end-quenched: b a r . The f ig u re s  o b ta in ed  sh o u ld  
th e re fo re  be maximal v a lu e s , s in c e  t h i s  i s  the  p o r t io n  o f  th e  
c a s tin g  m ost l i k e ly  to  c o n ta in  im p u r i t ie s #
A nalyses o f  b in a ry  and more complex a l lo y s  a re  l i s t e d  
in  Table XVI# Only q u a n t i t ie s  i n  excess o f  an  es tim a ted  
O.Oljl a rc  quoted# In  most ca ses  th e  q u a n t i t ie s  o f  t r a e e
i
elem ents such  a s  I ro n  and T itanium  were co n s id e red  to  be in  
the- range 0» 001-0 .OOS't. A f u l l  sp ec tro sco p ic  a n a ly s is  o f  
th e  s t a r t i n g  m a te r ia ls  (Table XVII) shows th a t  th o se  were 
a l l  o f  h ig h  p u rity #
The Copper and Cupro-Hiclcel were su p p lied  by E n fie ld  
R o llin g  K i l l s  L td 5 T in by the  T in  R esearch  I n s t i t u t e 5 
Aluminium by th e  Aluminium Development A sso c ia tio n *  and o th e r  
elem ents by Hew P e ta ls  and Chemicals Ltd.
A lthough tho  p u r i ty  o f  elem ents used as m inor a d d i t io n s  
i s  n o t as  good a s  f o r  cop p er, t i n  and alum inium , th e  sm all 
q u a n t i t ie s  used  In  any a l lo y  p rec lu d e  th e  p ick -u p  o f  any 
ap p re c ia b le  amounts o f  im p u rity  from th o se  so u rce s .
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Chemical. and Spocfcrographic A n aly s is  o f  B ronzes.
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(A) The n.odo o f  D ecom position off a 2$% Cn-3n
A llay  undos* Iso th e rm a l and Continuous,--«*v-«er'-ja<t*-XW»1»'rirja««irn(ii im iiXlu iii iu t  ■inrmnfcM.HK on hh*m w m
C ooling  C ond itions »
( i )  Tho Iso th erm a l D ecom position P roducts 
o f  a 26^ Sn-Bronse*  ___
Com plete d e t a i l s  o f  Iso th e rm a l specim ens a r e  l i s t e d  
' in  T ables XIX, XX and XXI and th e  Iso th erm a l Trans form at io n  
D&gmm i s  shown In  Fig* X3-*
(a) The (*+V) R o llo n ?.
Hotnr i  th e tan& ing th e  e u to c to ld a l  fo ra  o f  th o  <*+ Y 
r e a c t io n ,  tho  d eco m p o sitio n  o f  in  t h i s  reg io n  appears to  
tak e  p la ce  s o le ly  by tho  p r e c ip i t a t io n  o f
A t tem p era tu res c lo se  to  th e  566° h o r iz o n t a l ,  °* 
p r e c ip i t a t io n  o ccu rs  r e l a t i v e l y  s lo w ly ,  In  th o  fo r a  o f  c o a rse  
and rounded p a r t i c l e s  (F ig* 14}*
W ith d e c re a s in g  te m p era tu re , decom position occurs moro 
r a p id ly  j m e  l e a  t  io n  in c re a s e s  and th e  of p r e c ip i t a t e  g r a d u a lly  
becomes more n e e d le - l ik e .  At tem pera tu res below  540°0 
co lo n ie s  o f  oc n e e d le s  may g ive  a e u te c to ld a l  ap p earan ce , b u t
T T T DIAGRAM
2 4 9 7 . S N 9 R W E
J O  (f*
lOcf
O.J 0 .4  0 . 6  0 . 8  1 -0  1.2 I .4 1.6 1.8 2 0  2.2  2 4 '  2 6 20  3 0  3 2 3.4 3 6 3 ® 4 0
L O G  T I M E  S E C S
F ig . 13 111 Diagram f o r  A lloy  2 5 /0 .
F ig . 14 a 500
2 5 / 0 . I so t he n s a l 1 y 
1  rans'-:ortf'ed fo r  5  nms 
a t  570 C. 3  *■ !X •+• sb
F ig . 15 1 700
2  5 / 0 •  I s o t h e rm al 1 y  
iranefo rm ed  fo r  4 5  secs  
a t  510 C. 3  + a + 6
c o n s id e ra tio n  o f  th e  g e n e ra l change o f  shape and m e  le a  t  io n  
r a te  o f  w ith  d e c re a s in g  tem p era tu re  in d ic a te s  th a t  th e  
p ro cess  s t i l l  c o n s is ts  o f. th e  p r e c ip i t a t io n  o f  a s in g le  p h ase .
A s . th o . p r e c ip i t a t io n  o f  o< p ro cee d s , mfo-boundary 
s t r u c tu r e s  become v i s i b l e  Im m ediately a d ja c e n t to  th e  
p a r t i c l e s ,  th e  av e rag e  sis©  o f  su b -g ra in s  being  g e n e ra lly  
d i r e c t ly  p ro p o r t io n a l  to  th o  spacing  between oc p a r t i c l e s .
(3©e a ls o  S e c tio n  VIII-A  ) *
i U -  Below tho  (<**&) B u te o to ld .
Th® I n i t i a l  Bocom positioa o f  j u s t  below th o  520° 
E u tc e to id  H o riz o n ta l proceeds by th e  p r e c ip i t a t io n  o £ ^ , th e  
mode o f  p r e c i p i t a t i o n  and appearance o f  th e  p ro d u c t seem ingly 
being  con tinuous w ith  tho p r e c ip i t a t io n  o f  oc above th e  
K u tec to id  h o r iz o n ta l .  A f te r  a s u i ta b le  in c u b a tio n  p e r io d , 
th e  p r e c i p i t a t io n  o f  <*• i s  accompanied by tho  p r e c ip i t a t io n  
o f  S |  t h i s  o ccu rs  i n  b lo ck  form , f i l l i n g  tho  I n t e r s t i c e s  
between oc p a r t i c l e s  (Pig* 15)#. A lthough tho  f i n a l  p ro d u ct 
appears a s  a fin© m ix tu re  o f  {«**£), tho  two phas©3 do n o t 
p ro c ip ita t©  s im u lta n o a u s ly .
As th e  r e a c t io n  tem pera tu ro  i s  low ered , tho  % in c u b a tio n  
■period I s  red u ced , and approaches th a t  o f  oc * Hie in te r f a c e
between P and th o  growing m ix ture  i s  v ery  jagged and
more b a l n l t i c  th a n  e u tc c to id a l  in  appearance. D ecom position
F ig , 16 X 500 
2 5 /0 , I so th e rm a lly  
Transform ed f o r  15 
secs  a t  445°C0 
3 + (a+S)
F ig . 18 X 200 
2 5 /0 . I so th e rm a lly  
Transform ed f o r  30 
se cs  a t  18fc°C. 
G eneral P re c i p i t  a t  io n .
F ig . 17 X 300 
2 5 /6• I s 0  th e rm a liy  
Transform ed f p r  10 
se cs  a t  360 C. 
P r e c ip i t a t i o n  on c e l l s .
n im \m \ w
& f e i v f
F ig . 1 9  X 700 
2 0 /0 . Slow ly Cooled. 
a + (a+6)
G ran u lar ^ u te c to id .
i s  la rg e ly  r e s t r i c t e d  to  the  ex te n s io n  o f  a g ra  In-boundary 
band o f  p r e c ip i t a t e  (F ig , 16),
Below 400°C th e  r e l a t i v e ly  sim ple modes o f  decom position  
so f a r  d e sc r ib e d  g iv e  way to  more com plicated  r e a c t io n s .
While g ra in -b o u n d ary  p r e c ip i t a t io n  i s  s t i l l  p rom inent, 
n u c lo a tio n  b eg in s  to  occu r to  an  in c re a s in g  e x te n t w ith in  th e  
g ra in s .
At 58G°G a sub-boundary network can be observed  a f t e r  
r e a c t io n  h as s t a r t e d  a t  th e  g ra in  boundaries and subsequent 
p r e c ip i t a t io n  on th e se  sub-boundaries le a d s  to  v e ry  ra p id  
consummation o f  th e  m a trix  (F ig . 17) •
R e so lu tio n  o f  th e  p roduct becomes In c re a s in g ly  d i f f i c u l t .  
As th e  r e a c t io n  tem p era tu re  I s  low ered f u r th e r ,  the  in c u b a tio n  
p e rio d  f o r  th e  sub-boundary phenomena d ec reases  r a p id ly ,  and 
a t  500°C sub-boundary fo rm atio n  p r a c t i c a l ly  c o in c id e s  w ith  
th e  o n se t o f  decom position . Tho r e a c t io n  p ro d u ct beloiv 
55Q°C i s  i r r e s o lv a b le  and has v e ry  ra p id  e tc h in g  c h a ra c te ris tic s .
Below 500°C sub-boundary fo rm atio n  can be observed  p r io r  
to  tho  o n se t o f  p r e c ip i t a t io n ,  b u t th e re  i s  vory  l i t t l e  tim e 
la g  u n t i l  tem p era tu res  o f  th e  order* o f  150° a re  reached 
(F ig  IB ). Below t h i s  tem p era tu re  r e a c t io n  becomes very  
s lu g g is h , a lth o u g h  some decom position  can be observed  a f t e r  
s e v e ra l  hours a t  1 0 0 °C.
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TA.BLB XIX,
Tlme-Tempepature^Transformatlon Data fo r  
a 24»9B3n Copper Alloy*
H olding temperature 700°C: Holding time 15
  ------------------------------- mnwn-rtiiwiy.fi nnwiniiiiiiiw   miHWWM'ifiinViiLi^i ymrt mmSut* m um  > m\ *m~im > n p > * ....................
EH1S
Tem perature 
Iso th e ira a l 
B ath  °C
Time a t  
tem perature 
se c s .
S tru c tu re VPN.' Trans­
formed
605 1800
600 500
5a5 600
578 600
570 300
570 900
558 300
558 600
550 15
550 60
550 900
520 30
520 60
520 300
515 2 0
515 40
505 SO
505 45
505 1 8 0
490 4
490 1 0
490 2 0
490 45
490 60
pl+ ib  
3  a *b
+ 4-«t
■v %V •voc
* 1  +«•
%\» A<*
! : s\> +w-
•f*
A
* *  *  -V 0 1 4  O
X+ «t + o
©c+tr
5 4- - v ^
> -v e(L *vT
> 4 aV 
3  4 t l  Hr?*
251
272 ( )
245
Mfr
279 ( ) 
297 ( )
1 0 $
15/a
20%
25%
15%
55%
0-5 % 
10 - 20% 
50-70% 
80-90% 
90-100%
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TABLE XX.
Time TemDemtnr© T ransfo rm ation  B ata .fo r
Tem perature
Iso th e rm a l
B ath  ° 0
Time a t  
Tem perature
■ Sees
m ic ro sco p ica l
S tru c tu re
0?’J&
T rans­
fo rm ation
Hardness
VFIJ
470 5 -V S* W,rO }
470 1 0 » . 4Qf- >
470 15 « 50'« )37Q(«U0)
470 SO 90" )
470 60 u 1QQ”5 )
445 5 w <5$ }
445 1 0 n ef, )
445 15 185 } 383 («•♦»)
445 2 0 0 30«' )
445 25 V 4555 )
445 50 l» 70# )
400
575*
1 0
5 o
r* tsi
0 ;a 395 (<*+$) 
SCO (total)*
575 8 n 373 "
575 15 «« *• 403 "
575 O'"* •* 413 "
575 50 w . - 421 "
575 60 II 421 "
560 5 (J *  I * » 247 "
560 1 0 p  -V f  * - 306 "
SCO 2 0 H - 401 "
510 15 . 11 - 7.07 11 <Ui,iO '
230 15 V - *?."} O ti OJ*£j
( 290 
2 0 0
trye e
15
1*
\« **
360 "
C o u n te d  a t  160°C ♦
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TABLE X X I.
Time Temp e ra tu re  Transfo rm atio n  Da ta  fo r  
a 24.9SSrT Copper A lloy .
Ternpe r a tu r e  
Iso th e rm a l
B ath
Tim© a t
Tem perature
secs
M icroscop ica l
S tru c tu re VPN
240 5 p> sl> 258(p)
240 15 «« 405
240 45 . 429
2 0 0 1 0 ft 4 4  SO 517
186 5 I \w 270
186 1 0 tt 502
186 15 517
186 50 557
1 O'?io u 60 400
157 5 P , 250
157 1 0 I* * ** . 254157 2 0 f t  -V +■ 297
157 40 ' A 502
157 80 v' . 563
157 160 sW 397
157 520 \\ 425
140 90 e 243
140 180 251
140 560 f t  +  sV> 270
140 720 V \II 322
1 2 0 660 238
1 2 0 900 1**joo 1 2 0 0 IV •*
1 2 0 1800 \v
1 0 0 500 f t 247
1 0 0 900 & m
1 0 0 1800 -
1 0 0 5600 851
M*B. & re p re s e n ts  an  I r r e s o lv a b le  dark  e tch in g
p r e c i p i t a t e .
70*
Boaeblon in  th e  v i c i n i t y  o f  tho  nose o f  tho  TVT curve 
i s  ex trem ely  f a s t ,  and. consequen tly  th e  s t a r t  curve 1ms been 
d r a w  d o tte d  in  F%# 13. However, c o n s id e ra tio n  o f  the  
continuous c o o lin g  r e s u l t s  confirm s th at the tru e p o s i t io n  
o f  th e  s t a r t ,  cu rve cannot be f a r  from th e  p o s i t io n  In d ic a te d ,
(2) Tho Contim crus C ooling P roducts o f  
a  £ 4 *9 ^  B n - l r o n s o *  __
End-Quenching a llo w s tho  exam ination  o f  s t r u c tu r e s
o b ta in ed  a t  r a t e s  o f  c o o lin g  v a ry in g  between a d i r e c t  w a te r
quench and a r a t e  somswliai f a s t e r  th a n  norm alising; a  %*' &la*
bar*
The f a s t e s t  rat© o f  c o o lin g  le ad s  to  fu ll r e te n t io n  o f  
(3 , w h ile  tiro s lo w e s t rat©  o f  co o lin g  ( in  tire Bar) le ad s  to  
a s t r u c tu r e  c o n s is t in g  o f  f in e  b u t re s o lv a b le  (<**£)•
As th e  r a t e  o f  c o o lin g  i s  decreased below th e  maximum, 
su b -boundaries a p p e a r , fo llow ed by a darkening  o f  th e  matrix* 
W ith f u r th e r  d e c re a se  in  th e  r a t e  o f  co o lin g  th o  s t r u c tu r e  
c o n s is ts  o f  a dark-etching product (duo to , r e a c t io n  a t  o r  
n e a r  th e  nose o f  tho TFT curve) a s s o c ia te d  w ith sub- b o u n d aries  
to  a v a ry in g  ex ten t*
W ith r e l a t i v e l y  slow er r a t © 3  o f  c o o lin g , g ra  in -boundary  
bands o f  p a r t i a l l y  re so lv a b le  (oc* S) b e g in  to  a p p e a r , tho  
g e n e ra l r e so lu tio n  o f  th e  m a trix  a ls o  improving* At r a te s  
approaching  n o m a d is in g , th e  p ercen tag e  o f  transformed by
tho d isc o n tin u o u s  gm ln~boundary  p r e c ip i ta t io n  o f
in c re a se d  taaxtodly  a t  th e  expense o f  - the g o ro ra l p r e c ip i t a t io n
o f  w ith in  th e  smfcrix, b u t th is  i s  e n t i r e ly  dependent
on th e  g ra in -s i& e . The r a t e  o f  growth o f  tiro gmtn~bound&ry 
proelp it& t©  saoma l i t t l e  a f f e c te d  {at tho  zm st by a ' Hie t o r  
o f  2 } by gm in-sl& o*  so t h a t  w ith  a  sm all g ra in*sis©  th o  
graiB*bm m dary r e a c t io n  may com plete ly  consume p ,  whero&s a 
la rg o  graln«*3 l»o  may r e s u l t  in  70h gone m l  g ra n u la r  p r e c lp i t*  
a tlon*
hontmM sod epoalmeno show th o  p resence  o f  p ro » o u to c to id  *  
and a rea so n ab ly  f in e  (cuS) aggrega te*  w h ile  ann ea led  • 
specim ens show p r te ir y  <*. w ith  a coarse <oc*S) m atrix , eotrzionly
© xM M iing se g re g a tio n  o r  divorcem ent i n  th e  v i c i n i t y  o f  th e  
prim ary oc p a r t i c l e s  {Pig* 19)*
(&) C o r re la t io n  o f  th e  I s o th e r m !  and 
C ontinuous C ooling  C h a ra c te r!  s t i c a
o f  a 24*9P Bn B.ronso*
Ulti^otigh th e  q u a l i t a t iv e  agreom ent between tho  s  t  R 1C tu ro s  
observed  in  th e  end~qtiene!iod b a r  and' in  i s o th e r m !  apoclnons 
proved s a t i s f a c to r y *  i t  was c o n s id e red  th a t  an  a ttem p t shou ld  
bo mdo- to  o b ta in  so me q u a n t i ta t iv e  c o r re la tio n *
In  accordance w ith  tho  p r in c ip le s  o u tl in e d  in  S e c tio n  
I I  ~ n th e  r e a c t io n s  observed  du rin g  i s o th o r m l  decom position  
were d iv id e d  In to  groups w hich cou ld  bo co n s id e red  a d d itiv e *  
in  o rd e r  th a t  S c h e l l ’ s  method o f  f r a c t io n a l  In c u b a tio n  t i n e s  
n ig h t bo a p p l ie d .
72,
I t  was cons Ida rod  to  t r e a t  th e  occurrence o f  sub- 
boim darios a s  a s e p a ra ta  one! n o n -a d d itiv e  r e a c t io n  to  th e  
appearance o f  any o th e r  typo o f  p re c ip i ta te #  A, f u r th e r  
d iv is io n  was made between tho  p r e c ip i t a t io n  o f  * ,  and th e  
p r e c ip i t a t io n  o f  (*+$) * A lthough *  p r e c ip i t a t io n  appeared  
con tinuous f o r  th e s e  two re a c tio n s  th e  occu rren ce  o f  $  
n e e o s s I ta te s  some d lf f e r e n t ia t Io n *
'There I s  no reaso n  to  assume th a t  th e  v a rio u s  (oc+^) 
m ix tu res  a t  low er tem p era tu res  a re  n o n -a d d itiv e , a lth o u g h  I t  
i s  u s e f u l ,  from a m e ta llo g ra p h ie s  1  p o in t o f  v iew , to  s e p a ra te  
d lsco n tin u o u s  and g e n e ra l p r e c ip i t a t io n  a t  &75°0 •
w h ile  'th e r e  i s  no ev idence a v a i la b le  reg a rd in g  tho 
changes which- o c c u r  du ring  th e  In cu b a tio n  p e r io d , i t  i s  w a ll  
known th a t  a  norm al re a c tIo n -tim e  curve has a t y p ic a l  WSB 
shape {Fig, 2 0 a )* I t  i s  acco rd in g ly  dubious to  equate  
f r a c t io n a l  r e a c t io n  tim es l in e a r ly  w ith  the f m o t io n  t r a n s ­
formed* In  o rd e r  to  o b ta in  a more reaso n ab le  c o r r e la t io n  
tho r e la t io n s h ip  in  F ig , 20b has been adop ted , whereby 
F ig , 20a I s  roughly  s im u la ted . Tables XXII and XXXII* snow
p ro g ress  o f  th e  v a r io u s  r e a c tio n s  w ith  a l in e a r  and an 
a d ju s te d  r e la t io n s h ip  to  f r a c t io n a l  r e a c t io n  tim e s .
The d a ta  In  Table XXII was o b ta in ed  In  the fo llow ing  
manner?
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(a) A ll  coohlng c u r io s  from F ig . 8  were 
an a ly sed  f o r  th e  tim e in te r v a ls  
sp e n t in  su ccess iv e  85°G tem pera tu re  
range s . < e f . Tab 1 e XXV") .
(b) The v a lu es  o f  the in c u b a tio n  and 
r e a c t io n  p e rio d s  f o r  tem pera tu res 
ly in g  in  th e  m iddle o f  th e  
tem p era tu re  ranges from (a) were 
o b ta in ed  from th e  T?T cu rv e . 
(Table XXIV.)
(c) The f r a c t io n a l  in c u b a tio n  and
r e a c t io n  tim es were determ ined and 
sttmnsated fo r  each co o lin g  cu rv e , as  
in  tho  example shown in. T able XXIV.
The r e s u l t a n t  con tinuous tra n s fo rm a tio n  diagram  i s  shown 
in  F ig . 21. ■
S ince th e  p o s i t io n s  co rrespond ing  to  the  co o lin g  curves 
o f  F ig . 8  were a c c u ra te ly  lo c a te d  on the  End-quenchod b a r s ,  
a com parison cou ld  be made between th e  3  t ru e  bur o p re d ic te d  
from th e  c a lc u la te d  con tinuous co o lin g  diagram  and th e  
a c tu a l  s t r u c tu r e  observed  in  th e  b a r . Fig* 22 shows th e  
correspondence o f  th e  two s o ts  o f  d a ta ;  th e  agreem ent fo r  
r e a c tio n s  In  b o th  h ig h  and low tem pera tu re  ranges may be 
co n s id ered  v ery  s a t i s f a c to r y .
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TABLE XXV.
Do t  e rmrlna t 1 on o f  P roducts .occ iirrinp; on Continuous 
~ "CooIjJi/y f o r  Curve~J?f'&n& 25lT3n iTronze.
Mean
Tem perature
Time sp en t in  
C ooling 25°C 
about th e  mean 9
t / i 0* t/li^ *
■ 
ij
*«i5 
|
'"*-i 
1
>
562°0 0*75 0,007 —
537 0*90 0 . 0 1 1 m -
512 1* 05 0,05 - If*
487 1* 15 0 .1 5 s * -
462 1.40 0,55 «■» *
437 1*30 0 . 65m -
412 2*05 0*06
337 2.60 * 0*09
362 3.20 * o . n 0 .36
337 3.90 * 0.13 0 f 652S3EK
312 4 .8 0 * 0.14 &
287 5 .90 * 0.15
*■>/?. ota.* 7.30 * 0.15 *
237 9 .00 * 0 0 6 * ™ *
2 1 2 1 0 * 80 & 0 . 1 2  •
187 15.20 * 0 . 1 0 *
162 21.40 Us 0.04 *
* See Table XXXV.
m T o ta l p e rcen tag e  in c u b a tio n  p e rio d  fo r  «c p r e c ip i t a t io n  -  22$.
mm S ince  437° i s  th e  moan tem pera tu re  f o r  tho range 450-425°, 
r e a c t io n  s t a r t s  a t  425°*
mm Polygon! s a t  io n  in  ev idence a t  325°.
mmmm. l i a t r ix  has com plete ly  transfo rm ed  to  * S ince 237° 
i s  a moan te m p e ra tu re , r e a c t io n  can be co n sid ered  
com plete a t  225°
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(B) S u b s id ia ry  Experim ents on th e  mode o f  
i  so th e  mo. I  decom position o f  a l lo y s
rang© 5SO--58006*
A more e x te n s iv e  in v e s t ig a t io n  in to  the behav iou r o f  
a l lo y s  quenched in to  t h i s  range o f  tem pera tu res was u n d ertak en  
in  o rd e r  to  chock th e  r e s u l t s  o f  V e re ^  (S ec tio n  I  -  B .) .
A llo y s u sed  co n ta in ed  24.9^3n , 84.3$3n and 2 3 .Q3n 
(+Q*5^Ni) j f u l l  d e t a i l s  o f  th e se  experim ents a re  shown in  
T ables XXVI and XXVII.
R e s u l ts ;
(a) The 23^-Sn a l lo y ,  c lo s e s t  in  com position  to  th e  
a l lo y  used  by V ero, allowed, an  id e n t ic a l  sequence 
o f  b eh av io u rj
(b) A f t e r  15 sec h o ld in g  tim e a t  560°G, ©<. p r e c ip i ta te s  
a t  th e  g r a in  boundaries and a t  v a rio u s  p o in ts  
w ith in  th e  g r a in s ,  surrounded by a l ig h t  e tch in g  
a r e a ,  s e t  in  a  m a trix  o f  p 1 j
(g) 45 sec and 120 sec showed id e n t ic a l  s t r u c tu r e s ,
<x p r e c ip i t a t io n  a p p a re n tly  com plete , th e  p  
m a trix  now w holly  l ig h t - e tc h in g ,  and d isa p p e a r­
ance o f  th e  m a r te n s i t ic  p1 ;
(d) The s t r u c tu r e s  o b ta in e d  a t  560°G could n o t be 
e a s i ly  c l a s s i f i e d  as e i t h e r  a W iedm anstatten 
p r e c i p i t a t e  o f t * , o r  as  e u te e to id  growth o f
so th e  e f f e c t  o f  a l t e r in g  th e  iso th e rm a l 
tem p era tu re  and th e  *[£n was examined;
(e) P u l l  tra n s fo rm a tio n  o f  th e  23^3n a l lo y  a t  570°C 
showed a n o tic e a b ly  c o a rs e r  ©c p a t te r n  (P ig .2 3 ) j
( f )  S im ila r  g ra d a tio n s  o f  s iz e  and appearance o f  
wero o b ta in ed  w ith  th e  24.5$ and 25.0?U3n, a l lo y s ;
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VA.BLB XXVI,
Time Tem perature Trans form at Ion Data
i n»i r iHwwhkiMh ntumiunW’t  t .m  m mf o r  a 25XSn 0.5VH1 A lloy ,
H olding Tem perature 725°C; Holdinp- Time 15 runs.
Tem perature 
Iso th e rm a l 
B a th  °0
Time
Tem perature
Secs
M icro sco p ica l
S tru c tu re
570 1 2 0 p+e*» (* f qw sb)
560 15 f
560 45 J*'+«C + p»
560 1 2 0
TABLE XXVII,
Time Tempera tu re  Trans fo rm ation  Data 
f o r  aHS4lSn~0 .STM! A lloy .
Tem perature
Iso th e rm a l
B ath  °G
Time
Tem perature
Secs
M ic ro sco p ica l
S tru c tu re
605 1800 lYl*'
578 600 (l+ot (10** 15 5) + sb
578 1800 ft+oc (1 5 -2 0 p  + sb
572 560 ' k t d  (1 0 "') * sb
F ig . 23 (a) X 200
2 3 /n 8 1 . I s o th e r ra a l ly  &
Transform ed f o r  2 m s  
a t  560°C. a + 3
F ig . 23(b) X 200 
2 3 / 5 8 1 . I so th e rm a lly  
Transform ed f o r  2 mns 
a t  570°C. a  + 3
Xwmfflk
Fig* 24 X 100
23/-H 1. Iso th e rm a lly  
2Transform ed f o r  45 se cs  
a t  560°C. cl +  0  + 0 *
<g) The temperatures y ie ld in g  equ ivalent
stru ctu res  d ec re ase  w ith  in c re a s e  o f  Srrf o f  
th e  a l lo y s  *
(h) As th e  t in  c o n te n t I s  in c re a se d , th e  s u p e rs a tu ra t io n  
■of *  d e c re a s e s , and causes an in c re a se  in  tho 
In c u b a tio n  period to g e th e r  w ith  a d ec rease  in  
th e  r a te  o f  re ac tio n *
D iscus s io n  -
The r e s u l t s  in d ic a te  that tra n s fo rm a tio n  in  tlie  520-530° 
tempo n a tu re  range o ccu rs by th e  p r e c ip i ta t io n  o f  oc unaccom­
panied by any form o f  ciitocfo id  p re c ip i ta t io n *
E xam ination o f  th e  morphology o f  th e  *  p r e c ip ita te  a t  
v a r io u s  s ig n i f i c a t i o n s  in d ic a te s  th a t  th e  cutoe to ic l if  erous 
stru ctu res quoted  by Vero?,°  a re  on ly  f in e  oc p r e c ip i t a t e s  
surxtfun&od by f e a tu r e le s s  ft (Big* 24) * At h ig h  m g n lf  ic  a t ion s  
i t  I s  p o s s ib le  to  show th a t  th e re  i s  m  boundary between th e  
f e a tu r e le s s  and a e ic u la r  p a r ts  o f  th e  m a trix .
S ince  th e  /i in  th e  v i c i n i t y  o f  oC p a r t i c le s  has a h ig h e r  
t i n  c o n te n t i t  i s  p la u s ib le  to  a s c r ib e  th© f e a tu r e le s s  
c h a ra c te r  o f  th© phase n e a r *  to  th e  d ep ress io n  o f  th e  Ks 9 
below room tem p era tu re .
(C) The E f f e c t  o f  T in  C ontent on the
D ecom position C h a ra c te r is t ic s  o fH.wmnwi ni»i In >*nnf"lini tt i!■ hi iiwnini— imhwi lijwh—  rn iiir» n ii»ju, .'>  i*n in*Mi ii.i.nu ji;h rrn .M innT iii mi tw* i»muni-i i ii i i ii_ . i_
B ronzes*
I t  has been  shown in  the  p rev ious S ec tio n  th a t  the  
iso th e rm a l decom position  o f  a 25% bronze can be d esc rib ed  
in  te rn s  o f  a l im ite d  number o f  r e a c t io n s ,  w hich merge 
co n tin u o u sly  in to  each  o th e r .
In  view o f  th e  v i c in i t y  o f  t h i s  com position  to  the  
change and to  the  p o in t a t  w hich th e  14s tem pera tu re  in te r s e c t s  
room tem p era tu re  i t  - was dec ided  th a t  th e  e f f e c t  o f  o th e r  
p ercen tag es o f  t i n  would be w e ll  w orth in v e s t ig a t in g ,  p a r t ic u ­
l a r l y  w ith  r e s p e c t  to  th e  occu rrence  o f  sub-boundary phenomena.
A llo y s  hav ing  com positions o f  22% $ 23b, 24b and 27% 3n 
were ac c o rd in g ly  end-quenched, examined m ic ro sco p ic a lly  and 
exp lo red  by means o f  th e  ra ic ro -bardness t e s t in g  machine.
The g e n e ra l  c h a ra c te r  o f  th e  m lcro-har& noss tr a v e rs e  
remained unchanged i n  th e se  a l lo y s ,  b u t im portan t d if fe re n c e s  
were observed  in  th e  n a tu re  o f  th e  quench p ro d u c t, th e  r a te  
o f  d ecom position , th e  n a tu re  o f  th e  e u te c to ld , and tho 
o ccu rrence  o f  su b -b o u n d aries .
A s a t i s f a c to r y  h y p o th esis  has been c o n s tru c te d  which 
accounts f o r  a l l  th e  f a c ts  observed ; t h i s  h y p o th esis  and 
the  d e ta i l e d  n a tu re  o f  tho  m icrographic c h a r a c te r i s t i c s  o f  
tho a l lo y s  w i l l  now be d isc u sse d .
(1) Metallop;raph.ic C h a r a c t e r i s t i c s .
(a) The Mature o f  the  Quench Product t
The s t r u c tu r e s  o b ta in ed  a t  th e  h ig h e s t r a te s  o f  co o lin g  
were ‘w ell In  acco rd  w ith  those to  be expected  from the  
e q u ilib r iu m  diagram  and p rev io u s work. The 22% a l lo y  showed 
*  p re s e n t as a c o n s t i tu e n t  a t  th e  homogenising tem peratu re 
o f  700°G (changes in  hardness o f  th e  p >  c o n s t i tu e n t  co u ld , 
however, be fo llow ed  in dependen tly  by means o f  th e  m icro- 
hardness techn ique)*  M a rte n s I tic  ft ) was o b ta in ed  in  
the  a l lo y .  The d e n s ity  o f  m a r te n s i t ie  n eed les  ap p re c ia b ly  
d im in ished  In  th e  24% a l lo y ,  In d ic a tin g  th e  ra p id  approach 
o f  Ms & to  room tempera t'uuo, w h ile  a homogenous was o b ta in ed  
in  tho 27$ a l lo y 4* (F ig s . 46-49) *' In  th e  l a t t e r  case i t  was 
o c c a s io n a lly  observed  th a t  with, s tro n g  e tch in g  sub-boundaries 
were p re s e n t ,  th e se  sub-boundaries be in g  m ostly  very  la rg e ,  
and sometimes sim ply d iv id in g  a g ra in  In to  2 o r  4 p a r ts .
(b) The O ccurrence o f  S u b -b o u n d aries:
I t  has a lre a d y  been s ta te d  th a t  in  th e  27$ a l lo y ,  sub­
boundaries were v i s i b le  In  some g ra in s  su b je c te d  to  a f u l l  
w a te r quench* t h i s  o ccu rred  a lso  in  the  25$ a l lo y  b u t v ery  
in f r e q u e n t ly , and ag a in  tho m agnitude o f  the e f f e c t  was v e ry
*To save co n fu sio n  when comparing b in a ry  and te rn a ry  a l lo y s ,  
a l l  B.O.C. s t r u c tu r e s  have been c a l le d  when quenched 
from 700°G.
sn a il*  Whereas , however, very marked sub-boundaries wore
su b seq u en tly  observed  a t  low er r a te s  o f  co o lin g  in  th e  25$ 
a l lo y ,  no such  behaviour o ccu rred  In  tho 27$ alloy*  ' By 
c o n t r a s t ,  sub-boundary phenomena were most marked in  the 24$ 
a l lo y .  Here the su b -boundaries extended over a la rg e  range 
o f  co o lin g  r a t e s ,  m erging w ith  the martens! t i c  s t r u c tu r e  a t  
th o  h ig h e r  c o o lin g  r a te s . I t  was observed th a t  the 
form ation o f  m artensite n eed les  was p ro g ress iv e ly  hindered by 
th e  g ra d u a l developm ent o f  sub-boiinsdiries,. Over a  lim ited  
range o f  h ig h  co o lin g  ra tes  the stru ctu re o b ta in ed  co n sis ted  
o f  s t r u c tu r e l e s s  p  w ith  sub-boundaries, t h i s  reg io n  s e p a ra tin g  
th e  stru ctu re  a t  th e  h ig h est cooling; r a t e s ,  and (*•*$}
p r e c ip ita t io n  s t r u c tu r e s  a t  low er co o lin g  r a t e s .
The observed tre n d  o f  in c re a se d  sub-boundary a c t iv it y  
as  th e  p e rcen tag e  o f  t i n  changed from 27-25-24$ was no t 
confirm ed In the 23$ and 22$ a llo y s . Sub-boundary phenomena 
were ex trem ely  r e s t r i c t e d  in  th e s e  a l lo y s ,  th e re  being  in  
f a c t  no c o o lin g  r a te s  a t  w hich sub-boundaries were observed 
w ith o u t a t te n d a n t  p r e c ip i t a t io n .  Tho stru ctu res were 
I d e n t ic a l  w ith  those o b ta in ed  in  a v ery  lim ite d  range o f  th e  
iso th e rm a l tra n s fo rm a tio n  o f  th© 25$ Bn a llo y , namely, in  
the re g io n  o f  35G-380°0# where I t  i s  p o s tu la te d  th a t  
p r e c ip ita t io n  o ccu rs  p rio r  to  sub-boundary fo rm ation .
to )  Onset o f  low Tennoxwbtire P ro c Im ita tio n i■war**sMfeSfw.
The S tealing c h a r a c te r i s t i c s  o f  th e  low tem pera tu re  
p r e c ip i t a t e  ware I d e n t ic a l  in  a l l  a l lo y s  b u t th o  r a t e  o f  
co o lin g  a t  w hich p re c ip lt& t ion  cKjcurred showed v ery  narked  
v a r i a t io n  w ith  com position*
Tho 24% a l lo y  showed g r e a t e s t  s t a b i l i t y  in  th e  sense t h a t  
p r e c ip i t a t io n  d id  mot o cc u r u n t i l  th e  co o lin g  r a t e  was reduced 
to  lO^G/ooc* In c re a s in g  o r  d e c re a s in g  th e  t i n  co n ten t 
caused  a  p ro g re s s iv e  i n s t a b i l i t y  $ tho  c r i t i c a l  r a t e  o f  cooling, 
re q u ire d  to  cau se  p r e c ip i t a t io n  in  th o  22% a l lo y  being  
4O0c /s e e  and in  tho  27% a l lo y  2 0 0 °0 /so c , o th e r  a l lo y s  having  
In te rm e d ia te  values*
Tho v a r i a t i o n  o f  th e  low tem p era tu re  r e a c t io n  ( to  jJ*) 
w ith  r a t e  o f  co o lin g  i s  shown in  P ig . 2d* As in d ic a te d  by 
Table 5C';P/11I# th e  r a te s  o f  c o o lin g  le ad in g  to  com pletion  o f  
r e a c t io n  show c o n s id e ra b ly  la s s  d iv e rg en ce  th an  Urn r a te s  
o f  co o lin g  a t  w hich p r e c ip i ta t io n  i s  J u s t  in i t ia te d *
.(d), Tho. Apuoarance o f  Pro* o u te c to id  oj^s 
T h is , a s  m ight t>o e x p e c te d , occurs a t  M g h o r r a te s  o f  
c o o lin g  in  th o se  a l lo y s  w hich have th e  h i p e s t  su i^ e rsa tu ra tio n  
o f  *  • ?lo pro«*outoetoid c o n s t i tu e n t  was oT^sorvod in  th o  
3?< a l lo y  w hich is . n e a r ly  th e  © utecto id  com position*
(o) Tho d u to c to id  Reaction*
*l)V.iHirtiT)iiinfi»»iithftirMil>wi m»ii*«r i'ii*i mmi i»in n/fr ir.rn r [in r n ttn < tt~-n r  r * r - r r r~ f~ m T rW tr t
T able XJtXX and P ip . 26 in d ic a te  tho cum ulative l in e a r
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TABLE X X V I I I .
The E f fe c t  o f  T in  C ontent on th e  C r i t i c a l  Rates 
o f  Cooling; req u ire d  to  produce" c h a r a c te r i s t ic  
C o n s titu e n ts  in  End Quenched B ars*
S t r u c tu r a l Rate o f  Cooling °C /see f o r $Sn
Change 21/0 23/irNi 24/0 25/0 27/0
Sub-bounda r i  os 20 1 7 .5 50 60 *
Change in  VPN 45 18.5 19 45 ~  200
V is ib le  P p t. 40 17 16 23 ~  200
Com pletion o f  
P r e c ip i t a t io n 15*5 11 10 1 1 .5 20
Maximum VPN 9.5 9 5 .5 7 12
Appearance o f  
P ro-eu teeto idfl<
12 10 4 5 m
50fa T ran s­
formed to  
Eutec to  id 9 4 2 .5 3 ~  15
E le c tro n  Cone* 1*58 1.41 1.44 1.46 1.50
Quench
S tru c tu re
p'-V P' M'- P P
Quenched VPN 250 235 220 250 320
Maximum VPN 400 390 430 430 470
Typo o f  
E u te c to id Graim la r A cicii l a r F o lia te d
* S ub-boundaries o b ta in ed  a t  random in  some g ra in s  su b je c te d  
to  f u l l  w a te r  quench* ho f u r th e r  sub-boundary s t r u c tu re s  
o b ta in e d  on red u cin g  th e  r a te  o f  co o lin g .
E f f e c t  o f  T in  Content on the  Growth o f  E u te c to id
C olonle o on Co: :t inuouo C o o lim $
D istance Hate o f A H ot Compos i Jbionj
from G ooling L in ear Growth o f  Eutec to ld  in
W ater °C /sec
Level 22/0 2 3 /jH i 24/0 24/TIT 25/0
3*00 20 2 0 .5 0 0 0
5 .0 0 12 5 0 0 0
5*50 ■ - 4 0 0 0
6*00 10 po 0 0 0
6 .50 40 23 0 0 0
7*50 90 « 0 0 0
S. 00 8 F 29 0 0 0
9 .0 0 F 43 0 0 4
11.00 6 F » 0 0 18
12.00 ' F 80 0 0
13.00 5 F m 18 0
14.00 F « - 10 45
15.00 4 .5 F 95 Mft m-
16.00 F . 120 «• 20 -
19.00 F - M* 80
'21 .00 F ** - 40 •*
22.00 3 .5 p 250 - - -
23.00 F - 50 -
25.00 F 535 - pm
26.00 3 F P - 100 Ml
27.00 F F 85 - pm
28.00 F F pm 190
29,00 F F 195 - 210
30,00 F F «. 135 P
32,00 2 .5 F F 180 160 F
36,00 F P 265 m F
growth o f  eu tec  to  id  in  v a r io u s  a l lo y s ,  a t  d i f f e r e n t  r a te s  o f  
co o lin g . F or th e  purposes o f  com parison th e  r a te s  o f  
co o lin g  re q u ire d  to  produce 502 T ransform ation  to  © utecto id  
a re  p lo t te d  in  Table XXVIII to g e th e r  w ith  o th e r  c r i t i c a l  
r a te s  o f  co o lin g  a lre a d y  m entioned.
The appearance o f  th e  e n te c io id . changes w ith  t i n  co n ten t 
a lth o u g h  i t  i s  d i f f i c u l t  to  in d ic a te  p re c is e ly  th e  causes 
o f  th e  d i f f e r e n c e .  In  Table XXVIII th e  terms G ran u la r, 
A c ic u la r  and F o l ia te d  shou ld  be taken  as g e n e ra l ex p ress io n s  
th e  G ran u la r and A c ic u la r  forms being  capab le o f  merging 
in to  each o ther*  The ty p es o f  Eutec to ld  s t r u c tu re s  o b ta in ed  
a re  I l l u s t r a t e d  i n  Figs* 86, 27, 28 and 29.
(2) H ardness Changes.
H ardness changes fo llow  v a r ia t io n s  in  s t r u c tu r e ,  bu t 
th e se  may be submerged in  th e  g en e ra l ©telling r e a c t io n ,  o r  
on such a s c a le  th a t  o p t i c a l  m icroscopy g iv es in s u f f i c ie n t  
r e s o lu t io n .  H ardness changes can th e re fo re  g iv e  v a lu ab le  
supplem entary  in fo rm a tio n , and th e  c r i t i c a l  co o lin g  r a te s  
a t  which changes in  hardness o ccu r have been inc lu d ed  in  
Table XXVIII, to g e th e r  w ith  the  hardness o f  th e  quench 
p ro d u c t and th e  maximum hardness o b ta in ed  on tra n s fo rm a tio n .
The f u l l  hard n ess t r a v e r s e s  fo r  v a rio u s  t i n  co n ten ts  
ar© shown In  F ig . 30. The e f f e c t  o f  t i n  co n ten t on the
» 2
X 500 F ig . 2 7 (a)
C-10. I s o th e rm a lly  
Transform ed a t  600 C
L am ella r E u te e to id .
X 600 F ig . 28 
2 7 /0 . Slow ly C ooled.
F o l ia te d  E u te e to id .
X 1000 F ig . 27(b)
C-10. Iso th e rm a lly  
Transform ed a t  600 C
L am ella r E u te e to id .
X 700 F ig . 29
2 5 /0 . F u lly  Transform ed 
a t  505 C.
A c ic u la r  E u te e to id .
v a rio u s  ty p es o f  r e a c t io n  i s  c le a r ly  marked, and f u l ly  
v in d ic a te s ' th e  end-quench method o f t e s t in g  th e s e  a llo y s*
Changes In  hardness seen  to  be more c lo se ly  a s s o c ia te d  
w ith  th e  o n se t o f  v i s ib le  p r e c ip i ta t io n  th an  w ith  th e  
o b se rv a tio n  o f  su b -b o u n d aries . The maximum hardness i s  
observed a t  low er r a te s  o f  co o lin g  th a n  those where tire 
p r e c ip i t a t io n  p ro cess  ap p ears to  be com plete, ’ This Is  n o t 
a l to g e th e r  u n ex p ected , s in c e  th e  maximum hardness i s  
o b v iously  o b ta in e d  th rough  a balance o f  c o n s t i tu e n ts  o f  
d i f f e r e n t  h a rd n e s s e s , and th e  n a tu re  o f  th e  coherency bonds 
v a r ie s  in  a com plica ted  manner w ith  r e a c t io n  tem p era tu re .
The maximum hardness a t ta in e d  du ring  continuous co o lin g  
appears to  v a ry  d i r e c t ly  w ith  t i n  c o n te n t, In  c o n tra s t  to  
th e  hard n ess o f  th e  as quenched s t r u c tu r e .
(3) E v a lu a tio n  o f  th e  R e s u lts ,
Exam ination o f  Tablo X/CVT1I shows th a t  tho 25% a l lo y  
e x h ib its  a g rad u a l and p ro g re ss iv e  v a r ia t io n  in  the c r i t i c a l  
co o lin g  r a te s  a s s o c ia te d  w ith  tho  m ajor r e a c tio n  p ro d u c ts .
I t  Is  th e re fo re  an  a l lo y  which shows th e  c h a r a c te r i s t ic  
c o n s t i tu e n ts  ap p earin g  In  su ccessiv e  and d i s t i n c t  bands o r  
ranges o f  co o lin g  r a t e s , and proves an  extrem ely fo r tu n a te  
choice fo r  th e  i n i t i a l  exam ination  o f  c o r r e la t io n  between 
iso th e rm al and con tinuous co o lin g  s t r u c tu re s .
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Tiie structu res to  the ottos* alloys can ho Interpreted  on 
the basis o f  the aasuzsptien tha t t to  various rea ctio n  pro toe to 
tove  - c r i t i c a l  ra te s  o f  formatlon which can vary Independently 
o f  each  other an the t i n  content to -changed*
I f  tho c r i t i c a l  co o lin g  ra te s  fo r the various rea ctio n  
products are  p lo tte d  a g a in st composition .m  in  Fig# ZX i t  w i l l  
bo soon th a t in terseetions occur between, the l in e s  represent*  
Ing su1>baundary ptommem and on set of p re c ip ita tio n , In te r -  
so o t Ion a ls o  occurs between l in e s  representing attainment o f 
t^ lra r a  hardness and the o n set o f  pre»sutoe-toId °< *
In  the a l lo y  p r e c ip ita t io n  occurs a t  h igh er co o lin g
m tm  than @ub*boundar^ formation# P re c ip ita tio n  Is  already ' 
In progress wton sUh*honndarles fossa* and proceeds a t  sub* 
bountorioa to  the catre way as a t  grain  boundaries.
Tho h igh  ra te  o f  precip ita tion  loads to  feathery  outcrops 
o f  p rec ip ita te  from the sub^boundarles and lea d s to  tho lo s s  
charac teris tic  t o m  o f  the observed c e l l  stru ctu res.
In  Um a l lo y  sub-bountoriea and precip ita tion  s ta r t
a t  the same r e t s  of c o o lin g , r e su lt in g  to  structures wuich 
approximate more c lo s e ly  to ty p ic a l sub*bcundarlo$ a t  f a ir ly  
high  ra tes  o f  c o o lin g , although a t  lower rates o f  c o o lin g , 
e x c e ss iv e  p r e c ip ita t io n  makes in terp re ta tio n  more d i f f i c u l t .
In  the 24S a l lo y  srub*beundary formation occurs a t  m ch
higher ra tes  o f  co o lin g  than p r e c ip ita t io n , and consequently  
there Is a range o f  co o lin g  ra tes where sub-boundaries can be 
observed to  e x i s t  independently o f  p r e c ip ita t io n  phenomena*
As sub-boundaries form, the s a r te n s l t ic  transform ation i s  
Inhibited*
In the 25% a l lo y ,  sub-boundary formation occurs a t much 
the same r a te s  o f  co o lin g  as fo r  the 24% a l lo y , but tho ra tes  
o f  co o lin g  a t which p r e c ip ita t io n  s ta r ts  are h igh er , so that 
there i s  a sm aller  range o f  co o lin g  ra tes  In which sub­
boundaries may be observed w ithout attendant p rec ip ita tion *
A fu rth er  in crease  In t in  content to  2*7% in creases the 
rate o f  p r e c ip ita t io n  and the coo lin g  ra tes  a t  which 
p r e c ip ita t io n  i s  observed by a very large fa c to r )  consequently  
p r e c ip ita t io n  Is  n early  complete a t  ra tes o f  coo lin g  where 
sub-boundaries might be expected to form, and no sub-boundaries 
are observed. In  favourable c a se s , however, some sub- 
boundaries may form a t h igh  ra tes o f  coo lin g  p r io r  to  any 
p r e c ip ita t io n .
Changes in  hardness o f  the quenched stru ctu res r e f le c t  
a gradual reduction  on .th e amount o f  m artenslte formed and 
a minimum hardness can be Inferred  as occurring between 
24*3$ and 24.9^ . This minimum hardness should be an 
In d ica tio n  o f  th e com position a t  which £% in te r se c ts  room
temperature and i s  in  good agreement with previous estim ates  
(Table I I I ,  S ec tio n  I * C), This minimum can be considered  
due to  the superim position  o f  two opposing hardness trends 
w ith  com position. F ir s t ly  there i s  a general hardening due 
to  s tr a in  caused by t in  atoms which can be expected to  cause 
a continuous in crease  in  hardness w ith  t i n  content j secondly  
there i s  decreasing  supersaturation  w ith  <* as the t in  content 
in c r e a se s , w ith  a resu lta n t decrease In the amount o f  
m artonsite formed.
Sine© the Ms & in te r s e c ts  room temperature ju st before  
the com position read ies the p-Y rea ctio n , the nature o f  the  
m artensite observed in  specimens quenched to  room temperature 
cannot be a f fe c te d  by th is  reaction . However, i t  i s  
important to  note that a change occurs In the crysta llography  
o f  the m arten site  rea ctio n  from PtoJP* a t the same com position  
as jVchanges to Y . k change which i s  s u f f ic ie n t  to  a f f e c t  
a d if fu s io n le s s  transform ation w i l l  undoubtedly a lso  a f f e c t  
oth er r e a c t io n s , and the minimum observed in  c r i t i c a l  co o lin g  
ra tes  fo r  p r e c ip ita t io n , -pro-eutec to  id , and eu teeto id  reaction s  
i s  probably a sso c ia ted  w ith  the change.
Tho nature o f  th is  change i s  d iscu ssed  In S ection  VII 
from tho p o in t o f  view o f  equilibrium  property changes. The 
changes In behaviour under non-equilibrium  conditions  
su b sta n tia te  the conclusions reached p rev iou sly , namely, th at
the change i s  In h e r e n tly  a sso c ia ted  w ith  lo c a l atomic 
v e a m x ^ e m e n te  w ith in  the o f  the Bo& y-contred cubic
l a t t i c e *  The m x iced ly  increased  I n s ta b il ity  o f  tha 27% 
a llo y  to g eth er  w ith  the s l ig h t  increase In c r i t i c a l  co o lin g  
ra te s  to  produce p r o -eu tec to l&  oc and eu teeto id  stru ctu res In  
the 25$ a l lo y  as compared w ith  24$ in d ica te  th a t  the  
Tm vm tigm m nt favours the more rap id  n u c le a t lo n  and growth 
o f  oc and S t
While tha bread outlines o f tha v a r ia tio n s observed on 
changing the. tin  content seem to be explainable on tha b a s is  
o f  strain and *  supereaturn tIon  con cepts, other e f f e c t s  
seemed to  requ ire m m  extensive investigation* In p a r ticu la r , 
more In f ©relation seemed desirable on sub-boundary structures, 
and the v a r ia tio n s  observed on the change In morphology o f  
eu tee to id  aggregates* Eeaeareh was therefore extended to  
an investigation of the e f f e c t  o f  minor ad d ition s to the  
binary a llo y s*  Some complex a llo y s  were a lso  trea ted  in  
order to establish the degree to  which t in  would topose i t s  
tra m  form ation c h a r a c te r is t ic s  In the presence o f  large  
amounts o f oth er  elemoxits*
(D) The E ffe c t  o f  A dditions on the Decomposition  
C h a ra cter istic s  o f  p  Bronze,
(1) The E ffe c t  o f  -Small A dditions o f  
N ick el and Beryllium  to  a 24% Sn 
A llo y , „ - '
' N ick el and Beryllium  were chosen as ad d ition  agents in  
order to  e s ta b lis h  whether there would be an appreciable  
d iffer en ce  in  the e f f e c t s  o f  d eox id isin g  and non-deoxid ising  
elem ents, and a ls o  because the ternary systems had been 
in v estig a ted  by previous w orkers^
Tho a llo y s  used bad the fo llow in g  com positions 5
Hominal Coding %Sn <sir\n/0O©
24/0 24,1 -
24,/TM 24*3 0 ,17 **
24/TH. 23*95 0.15
F ig , 30 in d ica te s  that w h ile  some d ifferen ce  i s  observed  
in  the progress o f  the low temperature p rec ip ita te  r ea c tio n , 
the c r i t i c a l  ra tes  o f  co o lin g  fo r  onset o f  p r e c ip ita t io n ,  
maximum hardness, and progress o f  the eu teeto id  reaction  
are p r a c t ic a lly  id en tica l*  Micrographic&lly the a llo y s  
behaved very s im ila r ly , there being no observable d ifferen ce  
in  the nature , o f  tho sub-boiin&aries, th e ir  ex ten t, and the
appearance and development o f  eu teeto id  stru ctu res. One 
major d iffer en ce  was the complete absence o f  P* in  the a l lo y  
conta in ing  B eryllium , a fa c t  in  accord w ith  the observations  
o f  Howland and ITntheprrove^,
(2) T he-E ffect o f  Progressive A dditions 
o f  N ic k e l. to a 23% Sn A lloy ,
A lloys, used in. th is  in v e s t ig a t io n  had the fo llow in g  
a n a ly se s ;
Nominal Coding %!£
. 2 3 /|H i 23.0 0.5
23 /lN i 22.9 1.22
23/2111 23.1 2 .0
The d iffe r e n c e  in  behaviour between the 0 .5  and 1.0$  
N ickel bearing a llo y s , seems to  be la rg e ly  lim ited  to the 
speed o f  rea c tio n  in  the low temperature p rec ip ita te  range, 
sin ce  tiie microhardness curves are Id en tica l fo r  both very  
high  and very low rates o f  coo lin g  (Fig* 32) * M icrographlcal 
examination shows l i t t l e  d ifferen ce  in  the types o f  stru ctu res  
obtained | The eu tee to id  i s  somewhat more la th e  •shaped, 
in d ica tin g  g rea ter  oc supersaturation . This i s  confirmed by 
the onset o f  p ro -cu tecto ld  oc a t  s l ig h t ly  fa s te r  rates o f  
co o lin g  (Table XXX).
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Change
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Change in  VF1T
V is ib le  Ppt*
Completion o f  
P r e c ip it ­
a t io n
^^ axiroa- VFH
A ppearance 
o f  Fro* 
e u te e to id
50$ ‘Frans* 
formed to  
Buto o to Id
Hate of Cooling °C/soo fo r  $Sn
C* 1 0
23
28
19
11
0*5
< 8
E lec tio n  Cone-
Quench.
Structure
Quenched VFII
Typo o f
B utoctoid
1 .4?
P'
c-so
Hone
19
2 3  ' ;
14
9
IS . 5 
4 .5
1*48
P
83/M .l
Hons
23*
28
9*5
1,44
P
806
2 3 /lK i 24/1^1
45
50
50
2 0
1 0
13*5
/ /
1.40
P'
240
Lathr-llke/A c ic u la r
Hone
15*
12*5
10
8
$
1.43
p * r
300
Granular
h A p r io r  but l e s s  n o ticea b le  r i s e  in  hardness is  observed 
already a t  50°C/soc#
* Hot ob viously  p ro -eu teeto id  *
/ /  Hot ob v iou sly  eu tee to id t although s im ila r  in  appearance 
to  C-20, the' stru ctu re  d id  not develop from the Grain* 
boundaries *
T hat th e  a d d i t io n  o f  n ic k e l  ten d s to . s h i f t  th e /V * * /^  
boundary to  h ig h e r  t in - c o n te n t  i s  ev id en t from th e  te rn a ry  
in v e s t ig a t io n s 4^ t and confirm ed by th e  p resence o f  th re e  
p h a s e s * ,  ft $ ' t  a t  h o ld in g  tom peratu ro  in  the 2$Bi alloy*
f h i s  a l lo y  w a  n o t examined by means o f  a  m icrohardnoss 
t e v e r s e  because t h e .v a r io u s  phase a re a s  were co n s id e red  to o  
small#
. Fig* 03 In d ic a te s  tha t th e  end products a t  low r a te s
o f  c o o lin g  in  th e  f> and ^  phases a re  v ery  s im i la r  and
p r a c t i c a l l y  In&lstlftgaish&bl&* Figs*- 34 and 35 shot? tho
reversals o f e tc h in g  ch arac teris tics  which are l i a b l e  to  
*
occur when two phases decompose a t  d i f f e r e n t  ra tes a s  the 
co o lin g  r a t e  I s  gradually decreased*
f t o  appearance o f  t h r e e ' phases I n  the 2 $ n i a l lo y  
confirm ed the e x is te n c e , o f  P ♦ * a l la y s  in  th e  Cu-Sn-Hi 
system , and in  view  o f  the co n tro v e rsy  surrounding tha/5~Y 
change i n  th e  b in a ry  a l lo y s  I t  was decided to  In v e s t ig a te  
the decom position  o f an  a l lo y  c o n s is t in g  in i t ia l ly  o f  {/&* ^ )* 
A com position  o f  S4*4$3n and l*38$Bi was found to  g iv e  th e  
d e s ire d  struc tu re  a t  ? 0 0 °Cf and end-qnenciilng produced some 
In teresting  r e s u l ts *
1 ?he appearance o f  tho  quenched m a te r ia l  ag reed  w ith  th e  
d e s c r ip t io n  g iv e n  by Eash and Upthegrovo^® i s  b e in g  w flo w er- 
l ik e  p r e c i p i t a t i o n *  (Fig* 3 6 ). The r e l a t i v e  amounts o f
F ig .33 X 300 F ig . 36 X 300
2 3 / i ^ i .  c o n t in u i ty  2 4 /lK i. As Wrenched
o f  grow th o f  (a+ 6 ) from 700 C
in  a  m a tr ix  o f  3 « T. ( 0  +Y).
F i g .34 X 300
23/21*51. Cooled a t  
750 c / s e c .
3  d a rk ; Y l i g h t .
F ig .35 X 300
23/2N1. Cooled a t  
50 / s e c .
3 l i g h t ;  Y d a rk .
r
/(
p and Y d id  n o t change as  th e  co o lin g  r a t e  was reduced 
a lth o u g h  a c u rso ry  exam ination  m ight g ive  th a t  Im pression  
th rough  th e  r e v e r s a l  o f  e tc h in g  c h a r a c te r i s t ic s  o f  th e  two 
phases* The d is p o s i t io n  o f  th e  two phases proved to  be 
u n u su a l in  th a t  p r e c ip i t a t io n  d id  n o t o ccu r a t  th e  g ra in  
boundaries o r  in  a. W iedaaaistatten  p a t te r n ,  bu t a p p a re n tly  in  
p a tch es o f  i r r e g u la r  shape. I t c h - p i t  tech n iq u es rev ea led
th a t  th e  cube axes o f  th e  two phases were p a r a l l e l ;
(100^/ / 1 0 0 v ) ,  (OlCji / / 0 l 6 r ) .
The low tem p era tu re  p r e c ip i t a t io n  p rocess o ccu rred  a t  
f a s t e r  r a te s  o f  co o lin g  in  th e  Y phase , b u t a t  low er r a te s  o f  
c o o lin g  th e  tra n s fo rm a tio n  r a te s  o f  th e  two phases p  and V 
approached a  common v a lu e . The tra n sfo rm a tio n  product 
appeared  s im i la r  f o r  th e  two p h ases , the  i n i t i a l  o u tl in e s  
o f  th e  P-Y  phases g ra d u a lly  becoming f a in t e r  u n t i l  a t  r a te s  
Of co o lin g  o f  th e  o rd e r  o f  5 °0 /sec  no in d ic a t io n  o f  the  
o r ig in a l  duplex/I-Y  a re a s  could  be observed.
(3) The E f f e c t  o f  A d d itio n s o f  Manganese
to  a 23$ Sn A llo y .
The a d d i t io n  o f  0*7Q$Mn to  a 23*5#Sn a l lo y  gave r e s u l t s  
w hich co u ld  be in te r p r e te d  a s  be in g  in te rm e d ia te  to  23% and 
24$ b in a ry  a l lo y s .  The a s  quenched s t r u c tu re  c o n s is te d  o f  
a m ix tu re  o f  P an d p  *, and th e re  o ccu rred  in te r a c t io n  o f  
m a r te n s i t ic  and sub-boundary s t r u c tu r e s .  The E u tec to id
QB.
r e a c t io n  produced g r a in grow th o f  an  ae ie ra la i> tsp e
m teeto id  o f  t o  u s *  m to ©  a s  observed in  t o  IBS b in a ry  
alloy* Kanganos© docs n o t  ap p e a r to  a ffec t tho r a t e  o f  
in a c t io n  to  any n%ypm%fa b le  o&tont# This imy bo duo to  
th e  mm&l o f  fo o t  on th e  *  e u p e rm to m tio n  a t  pere®nt&0 ® 
additions below 4 f  a s  indicated by t o  te rn a ry  dis^^sa4 *^
{4} Tkm I f  f o o t  o f  Additions o f  A to a in ixm
fixe addition o f OfiO^lr to a alloy $&v© the
f i r s t  en&~quonc.h © w o  which deviated  appreciably  fjpga fcho 
pattern obtained in previous alloys (Fig* S7)f F irstly  
t o  m rtenstbio f  tmoturo was absent from tbs water epomhod 
portions i eeeond'Xy the Imrdness increase on decreasing the 
rate o f  cooling was nob v o g L il& v  but ©nlaibited two stages j 
and thirdly there was complete absence o f sub^botandary 
ftesoiiiom *
Spesba^gmpMo fumlysia chawed the presence o f 0#05£uef 
which was probably responsible fo r too absence of rsxxbonsitic 
f i9 but could imrdly bo considered the cans© of t o  other 
olmnges* t o  -as quoftebod hardness i t s  high fo r the- t in  
content and the m&iciaa hardness o f the s a »  order as fox* 
the $7*l3n alloy# fhe nature o f bh© m teetold  differed 
considerably from the types previously observed*
I t  i s  of in te re s t to  compare to behaviour o f  th is  alloy
x?it o  t h a t  o f  to o  cm p lm  a l l o y  €*20, in  v im  o f  t t e i r  
s im i la r  aSmtnitasa c o n te n t«
km lm l Coding.
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ft io  o f foot o f  O*0$$I f^ u ld j  on. to o  gttcnssda o f  t&e 
p iw lc m o  o f  f o o t  o b ta in e d  w lt o  tttp loA  a d d it io n s*  lo a d  t o  th® 
mmoot a t l o n  ttm t *  s u i^ r s a t o r a t lo a  I s  o l i g l i t l f  in creased *
Vim- lo w e r  t in  c o n te n t  wmM to o mm®  t o l a  tondonoy a lth o u g h  
t o o n  t o o  atM mn  c o n te n t  i s  te& m  in t o  a o m ld e r & tio n , to o  
e l e c t van w m m t m t im  i s  q u ite  a p p r e c ia b le  {1*48}*
Tim o b serv ed  miom*hnvdxmoo tr a v e r s e s  f o r  th o  to o  a l l o y s  
am  i n  f e e t  reeaarisablsr s im i la r  (F ig# 57} and e t m c t u r a l l y  
th e r e  i s  l i t t l e  d i f f e r e n c e  in  behaviour* ho m ^o o to d ,  th e  
oppmmmo o t pTO*mtmtai& *  eee n r e  a t  a  f a s t e r  c o o lin g  
r a te  in  0*80# and p r e c ip i t a t io n  i s  £*en® r a l l y  com p lete  a l s o  
•at a  f a c t o r  c o o l in g  vat®, a lth o u g h  to o  peak tm M ness la  
reach ed  a t  to o  same c o o l in g  r a te  fo r  bo t o  a l l o y s  ( f e b lo  x s x )  * 
S i l i c o n  th e r e fo r e  app ears to  a c t  v a iy  s im i la r ly  t o  t i n ,  
a s  m ight bo inspected  from  an  elesjosit in  to e  sa n e  group o f  
to o  p e r io d ic  ta b le #
mt-si la  s i m i l a r i t y  in  b o t e v lo w  i s  a l s o  shorn  in  to o  a l l o y
C-10 w hich can 'bo ’b a s ic a lly  co n sid ered  a s - h a l f  ( t i n  ♦ s i l i c o n )  
bronze , and h a l f . aX im iaiua bronse# w ith  the con trib u tion s to  
th e  t o t a l  e le c t r o n  c o n c e n tra tio n  b e in g  shaped e q u a lly  by 
th e se  two groups o f  elements* ( fa b le  XXXI).
XW'i'CT
Sena Param eters a s s o c ia te d  w ith  A, 11oy C-10.
4#95 (wt)' 
11.X (at)'
10. a
Atomic
co n tribu tions to  
• T ota l- E lectron  
Concentra t  io n
The behaviour o f  th is  a r b i t r a r y  a l lo y  was ex trem ely  
In te re stin g  j although tlia  23/J&X a l lo y  showed marked 
d e p a rtu re s  in  tra n s fo rm a tio n  c h a r a c te r is t ic s , 0 - 1 0  w ith  I
h a lf  th e  t i n  co n ten t and te n  tim es th e  p ercen tag e  o f  aluminium | 
showed a tr a n s it io n  from !-!artonslte  through sub-boundary 
pthenomena to  p r e c ip ita t io n  which equalled  the most orthodox ,
binary a l lo y s .  At low er co o lin g  rates* however, now !
transform ations were observed*
Phase p a r t i c l e s  w hich assem bled p ro -e u te c to id  «c a t  medium
r a te s  o f  co o lin g  d id  n o t le ad  to  th e  o n se t o f  e u te c to id  
s t r u c tu r e s  b u t developed ( in  th e  sense th a t  a l im ite d  
re d u c tio n  in  th e  rat©  o f  c o o lin g  i s  p r a c t i c a l ly  eq u iv a le n t to  
tra n s fo rm a tio n  a t  c o n s ta n t tem pera tu re) in to  a b a in l t i e  
ag g reg a te  (F ig . 3 8 ).
T hat a  b a i n i t l c  r e a c t io n  was in te rp o se d  between th© low 
tem p era tu re  p r e c ip i t a t io n  phenomena and e u te c to id  r e a c t io n  
was confirm ed by lim ite d  iso th e rm a l tra n s fo rm a tio n  experim ents 
where th e  same s t r u c tu r e  was o b ta in ed  a t  in te rm ed ia te  
tem p era tu res  (Fig* 3 9 ).
The e u te c to id  r e a c t io n  I t s e l f  was b a re ly  o b se rv ab le  a t  
th e  low est r a te s  o f  co o lin g  e x ta n t in  the end quenched b a r s .  
Some p a tch es  o f  th i s  e u te c to id  can  be seen  in  F ig . 38. 
Iso th e rm a l experim ents In d ic a te d  th a t  th e  e u te c to id  tem pera­
tu r e  o f  th e  a l lo y  was 60CP and th a t  a  p e a r l i t l e  e u te c to id  
formed in  t h i s  tem p era tu re  rang© very  slow ly  (F ig . 29 and 
P ig . 2 6 ). In  view  o f  th e  complex com position  o f  th e  a l lo y  
i t  i s  perhaps more s u rp r is in g  to  f in d  behav iour ty p ic a l  o f  
b in a ry  a l lo y s  a t  h ig h  r a te s  o f  cooling* th an  to  f in d  changes 
in  tho e u to c to id  morphology and b a i n i t l c  s t r u c tu re s  a t  low er 
r a te s  o f  c o o lin g .
Th© c o n c lu s io n  lias a lre a d y  been reached t h a t  l a t t i c e  
s t r a i n  and <* s u p e rs a tu ra t io n  a re  th e  b a s ic  f a c to r s  c o n t ro l l in g  
tho  tra n s fo rm a tio n  c h a r a c te r i s t i c s  in  b in a ry  c o p p e r - t in
F ig , 38 X 1000
§ -1 0 . B a in i t lc  s t r u c tu r e  
o b ta in e d  on co n tin u o u s 
c o o lin g .
F ig . 39 X 1000
C-1 0 . B a in i t lc  s t r u c tu r e  
o b ta in ed  by iso th e rm a l 
tra n s fo rm a tio n  a t  4 4 5 UC
F ig . 40 X 700 F ig . 41 X 700
0 -1 0 . I s o th e rm a lly  C-10. Iso th e rm a lly
Transform ed f o r  20 se c s  Transform ed fo r  20 secs
a t  190 C. a t  2 QQUC.
3 * co n tin u o u s a c ro s s  c e l l s .  3 * impeded by c e l l s .
102.
a l lo y s  j in  th o se  a l lo y s  e x ten s iv e  m a r te n s i t ic  tra n s fo rm a tio n  
I s  in v a r ia b ly  accompanied by a h ig h  r a te  o f  p r e c ip i t a t io n  a t  
ra p id  c o o lin g  r a t e s ,  and fu r th e r*  when th e  r a te s  o f  
p r e c ip i t a t io n  a re  a t .  a 'm in im a  (^ 2 4 .5 ^ 3 n ) the  Ms 9  ten d s  to  b© 
d ep ressed  below room tem perature* In  b in a ry  a l lo y s  I t  i s  
th e re fo re  im p o ssib le  to  o b ta in  a com bination o f  ex ten s iv e  
m artens i t  e fo rm atio n  and a low p r e c ip i ta t io n  r a t e  a t  th o se  
tem p era tu res  where sub-boundaries a re  observed. This 
com bination  i s ,  however* o b ta in ed  in  the  a l lo y  C-10 and 
allow s p a r t i c u l a r ly  marked in te r a c t io n  between th e  m a r te n s i t ic  
s t r u c tu r e s  and su b -boundaries w ith o u t in te r f e re n c e  o f  
p r e c ip i t a t io n  phenomena. Tills I n te r a c t io n  was f u r th e r  
s tu d ie d  by means o f  iso th e rm a l techn iques (Table XXXII).
The most I n te r e s t in g  r e s u l t  o f  th i s  exam ination i s  
dem onstrated  by th e  m icrographs F ig s . 40 and 41.
I t  i s  e v id e n t th a t  in  Fig* 40 m a rte n s ite  p la te s  p ropagate  
a c ro s s  su b -b o u n d aries  and a re  h a l te d  on ly  by g ra in  boundaries*  
w h ile  in  F ig . 41 m artens I t e  p la te s  a re  r e s t r i c t e d  by sub­
boundaries • The h ardness o f  th e  r e s t r i c t e d  m artens i t e  i s  
g r e a te r  th a n  th a t  o f  th e  c o a rs e r  v a r ie ty ,  le ad in g  to  a s l i g h t  
s te p  in  th e  m lcrobardne 3 s g ra d ie n t o f  the  end-quonched b a r .
T&B'i'M XXXIt*
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TABLE XXXIII.
Growth o f  E u te c to id  C o lo n ie s  on Continuous C o o lin g
D istan ce
from
W ater
Level
, , Hate .
o f
C ooling
®G/sec
A lloy  Compositions 
L in ea r Growth o f  E u tec to id  in
24/TA 2 4 /lH i 24/0* (0 - 2 0 ) (C-10)
6 .50 0 0 0 5 0
8 . 0 0 8 1 0 0 0 MR 0
9,00 mm 7 0 mm 0
1 1 , 0 0 6 . m •* 5 m 0
1 2 . 0 0 •i* Mill m 38 0
13.00 5 36 - - 0
15.00 4 ,5 50 m- 1 1 135 0
16.00 - m 270 0
13,00 - - 26 340 0
2 2 . 0 0 3 .5 m 55 ** F 1 0
25.00 m 135 m F -
26,00 3 - •mm. 35 F mm
30,00 - m 40 F . ft*
36.00 - m 50 F *
40.00 2 - " P F -
* Quenched from 5B0°C
105*
Jjli SitmlX additions o f  el&aozits which replace copper, 
m oh  a s  iteg&nos-ci ami ffiek o l, have Xtbtla e f f e c t  on the 
nature 0 2 * t Iib sequence o f  tm m fo m a tio n  products at various  
m oling  rata s .  . ftroganeso Ima a sim ilar o f  foo t than ntclsel 
©wimg to- the r e la t iv e ly  mmXh^v change in  tho /»/«**/» bouralas^ 
in  tho r e sp e c t iv e  terra**5r systems*
tf r l  la r g e r  a d d itio n s  o f  Klelsel ©an produce J&* V 
s tr u c tu r e s , hut the in d iv id u a l behaviour o f  th ese  two phases 
i s  s t i l l  a o im io ten t' w ith  the behaviour o f  eq u iva len t binary  
phases*
..{cl, S m U  ad d ition s o f  bosyXXiim even o f  tho order o f  
0*08:1 depress tho % temperature below reo&u temperature in  
a llo y s  which w u M  tsoraaXXy show appreciable q u a n tit ie s  o f  
rMVtm&%t&* 0*15^ Bo has no appreciable o f  fo o t on other  
t  m ns form ation cb am cte r l s t i e  a*
X l i  cea ses imrlsed changes in  decom position
behaviour, tho p a r tic u la r  troneibBsm tiom  a ffe c te d  being  
dependent on the r e la t iv e  proportions o f  t in  and aluminium, 
and ob th e pros ©nee o f  o th er  -elements*
Co) S ilico n , appears to  bo ab le  to  replace t in  up to  
%*&$ wt*
i f )  s in c e  ©ifs^bounciarles ham  been observed in  a l lo y s  
containing, a lm in im  and be*yX ltm , th e ir  presence can hardly
be due to  r e s id u a l  oxygen, They a re  a ls o  not d ir e c t ly  
a s s o c ia te d  w ith  aluminium and beryllium  s in c e  o th e r  a llo y s  
c o n ta in in g  th o se  elem ents do n o t e x h ib it  su b -b o m id aries .
if;), 'fhe e f f e c t s  o f  a llo y in g  elem ents on th o  progress  
o f  th e  e u te c to id  r e a c t io n  a re  very d iv e rs e , (Compare 
fa b le s  XXXIZX and XXIX),
( E )  ...The E f fe c t  o f  i i o l d i n f i T m m e m t i i r ®  o n
f v & a a  f e r m t  ton  , during Oontimotra Cooling,
I t  h as  been  amply dem onstrated  th a t  th e  h o ld in g  
tem p era tu re  can  a p p re c ia b ly  a f f e c t  th e  cou rse  o f  tran sfo rm ­
a t io n  in  b o th  f e r r o u s ^ ^  and ■ n o ra * fe rro u s^ ?$""?$Xo3  axiays#
For t i l l s  rea so n  a  c o n s ta n t temperature and homogenising time 
i s  n e c e s s a ry , and in  th o  p re se n t in v e s t ig a t io n  i t  was decided  
to  u se  a p e r io d  o f  £ hours a t  ?00°C* A phase change 
o c c u rr in g  a s  a  consequence o f  changing the holding temperature 
w i l l  have a c o n s id e ra b le  e f f e c t ,  s in c e  th e  com position  o f  th e  
p a re n t phase i s  a l t e r e d  and new su rfaces a re  a v a i la b le  fo r  
m o  le a  t  Ion, I t  i s  fepm ctlcab l©  to  obtain  any q u a n tita tiv e  
com parisons from specim ens quenched from d iffe r e n t  temper** 
aturos s in e s  there a r e  d if fe re n c e s  in  th e  r a te  o f  co o lin g  
superim posed on the d ifferen ce s  o f  com position  and n u eloa tlon  
already TOxitioned# Soma o f  th e  o b se rv a tio n s  on the e f f e c t  
o f  changing the h o ld in g  temperature a re  however o f  q u a lita t iv e  
in te r e s t#
Spocimofio quenched tvo n  t h e ’ (<** V) region Invariably  
contain auh*boundar£es in  tho % phase men wtmn guonchod 
into iced b r im , o r mrenry* 3ueh sub*bOOT&*ries have 
dimensions controlled lay ih© space available between 
p a r tic le s , and th is  applies to a single specimen with varylng 
inter-*©C distances. as well as to apeeiraens treated  to  produce 
a given ot*»pa?tiele siso*
Spooim sm  OBd*quembed from th e  {*  * Y } re g io n  show no
forties?  aub*»b<mndary f tw m tia n  a t  interm ediate c o o lin g  rates*  j
!
resodbllng in  t h i s  resp ect tho behaviour o f  tho 2?$3n a llo y *  
P r e c ip ita tio n  ra te s  are rap id , p r e c ip ita t io n  occurring f a ir ly  
g en era lly  a s  i l lu s t r a te d  In  Figs* 42 and 43*
Changing th e  cpcm hlng temperature from 700Q0 to  750°C 
fo r  tho  a l lo y  does m t  m m  to  a f f e c t  tho reaction s ;
occurring a t  rap id  co o lin g  r a te s , although there does seem 
to  be come d iffe r e n c e  in the m xtoam  hardness o f  tho product 
obtained a t  in&oreodiatd ra tes  o f  co o lin g  (fa b le  JCKXX?)*
S im ila r  e f f e c t s  were observed on changing the holding  
temperature from 703° to  dSO® fo r  the complex a l lo y  C*80*
< fables m i v  ' m d x m i} *
F ig . 42 X 500 
2 4 /fI i. C on tinuously  Cooled a t  10°G /sec 
from 580°C. Onset o f  P r e c ip i t a t i o n .
» M y
F ig . 43 X 500
2 4 /iH . C on tinuously  Cooled a t  8 °C /sec 
from 580°C. P ro g re ss iv e  P r e c ip i t a t i o n .
I t  was considered  th a t law .temperature tampering would 
g ive  norm supplementary in fo rm atio n  on the s t a b i l i t y  o f  some 
o f  th e  transforraa t  ion  p roducts  observed on continuous 
c o o lin g , and a c co rd in g ly  an  end-quenched box* o f  tho  a l lo y  
2 5 /illn  urns tempered f o r  periods o f  SO isms and 2  hrs a t  
£S5°0 in  a n  o il-b a th *  { fab le  XXXVX),
fix© r e s u lts  o b ta in ed  (Fig* 44) in d ic a te d  t h a t  th a P + P *  
s t r u c tu r e  a t  the f u l ly  quenched end i s  h ig h ly  u n s ta b le  and 
decomposes r a p id ly  to  a stru o tu ra l c o n s t i tu e n t  w hich i s  
m icro sco p ica lly  s im ila r  to  th e  c o n s t i tu e n t  o b ta in ed  a t  low er 
co o lin g  ra te s  on end-quenching* P la te s  o f  P 1 seemed to  be 
u n a f fe c te d  by th e  tempo ring  treatment* Sub-boundaries 
appeared  to  be i n t e n s i f i e d  in  appearance by the  tem pering 
tre a tm e n t *
Structures r e s u l t in g  from other ra tes o f - co o lin g  e x h ib ite d  
le s s  marked changes * in  acco rd  w ith  t h e i r  supposed 
n a tu r e .
The g r e a te r  s t a b i l i t y  o f  |* 1 was confirmed by tem pering  
tre a tm e n ts  g iven  to  the  a l lo y  C-10 {Fig* 45)* Although a 
hardness in c re a s e  was observed* i t  d id  n o t approach that o f  
th e  s t r u c tu r e s  o b ta in e d  a t  o th e r  r a te s  o f  c o o lin g  and th e  
m icroscopic appearance o f  p* remained unchanged*
*500
Temps'*^ <>0 ">««<!> 2°
VPN
T<tmp«r«i ? 0 mr\4 ® 100l
3 0 0
THE EFFECT OF TEMPERING  
AN END-QUENCHED B A R
k  5  o  7  8  °> l o  u  I X  1 3
D I S T A NCE F R O M  & U F N C H  L E V E L  ( m m )
5oo
T. 17.0
® 2.oo*c
Uoo
v.PM
500 THE EFFECT OF TEMPERING
AN END-QUENCHED P A R
y1 i')*♦
( fPOM i Ll ; f  'L mmN
F ig . 4 6 (a) X 500 F ig . 4 6 (b) X 2000
2 3 /*H i• Quenched from 23/nMn. Quenched from
^ 700 C. 3 ’ . * 700 C 3 #•
F ig . 47 X 150
^ 5 / 0 • Defo rm ation  
s iia r te n s ite
F ig . 48 X600
2 7 /0 . R etained  3 . 
(Quenched from 700 C).
109*
TABLE XXXX?.
D istan ce
27/0 24/IK1 4I0from 25/0 25/0* 25/0 C-10 C- 2 0
Quench EQ- 9
Level
700° 700°(mm) 750° 700° 700° 700° 700°
- 2 * 0 0 251 247 258 322 266 295 302
-1 .5 0 251 247 251 322'. 274 297 322
- 1 . 0 0 254 251 251 327 266 ■ 302 502
0 . 0 0 251 251 253 333 274 502 502
1 * 0 0 247 254 258 339 285" 292 ' 710
2 . 0 0 258 253 251 429 274 292 502
2.25 262 m ** 446 266 «# -
2 .50 266 254 ; 254 457 292 m 317
2*75 274 *ft "ft# 475 ' 306 m «*
3 .0 0  ■ 279 270 273 464 aooVlC/U 292 312
3*25 266 *# - — •m «# «#
3.50 274 262 ' 274 - 351 312 339
3*75 279 #* 287 ■m 363 370 327
4*00 292 279 297 464 590 390 327
4*25 297 297 327 ■m 429 464 376
4*50 357 527 383 m 446 464 429
4.75 397 405 397 m 446 464 464
5*00 421 481 405 450 450 483 464
5*25 437 410 413 •» . m 493 483
5*50 464 405 m «. 437 475 490
5*75 473 590 «* 455 a* 464 473
6 . 0 0 464 390 437 446 464 455 4554646*50 «* 405 421 437 «. 446
7*00 464 405 430 446 473 483 -
7 .50 m •» ft# 446 m 464 421
8 . 0 0 464 429 429 455 464 483446
437
9.00 464 429 429 437 «■
1 0 . 0 0 446 405 405 •* 464 446 405
1 1 . 0 0 446 413 .im ft# 421 —
1 2 * 0 0 437 397 413 w* 446 «r 437
13.00 437 397 ft* - 597 m
14.00 437 397 421 *# 429 - m 00
15.00 429 m m - 383 m
16.00 437 397 597 m 421 - m
18.00 429 390 590 455 405 370 421
2 0 * 0 0 421 363* ’•» 9* - 376 «#
2 2 . 0 0 429 363 ' ft* *#. ft# 363 413
24.00 397 397 «* -09 — 345
26.00 405 421 - mm 357 •*
28.00 413 583 421 429 m 570 351
30.00
40.00 370
383
351* «#
•»
429
m 370
370
ft#
345
^ E rra t ic  r e s u l t s  due to  boundaries -  b a r  n e a r ly  a  s in g le  
c r y s t a l .
1 1 0 .
VP?J
D istan ce
from
Quench
L evel
(ram)
2 3 /H i
700°
(Cwio)
650°
(C-10)
650° & Temp. 
30 rnns 200^
(0 - 1 0 )
650° & Temp. 
60 mns 2 0 0 ^
•*2 , 0 0 ■ 236 266 351 345-1*50 2 4 3 ’ 270 383 351
-1*09 236 266 345 357
0 . 0 0 236 279 333 351
1 , 0 0 247 279 363 351
2 # 0 0 306 292 351 351
2,25 mm mm * . 357
2*50 370 30 6 m 376
5, 0 0 397 297 345 397
3, 25 297 357 ■m
3,50 405 327 370 337
3,75 m 351 370 405
4*00 .429 %  T  *7 413 413
4.25 363 429 410
4*50 421 376 455 421
4 .75 IM 390 493 421
5 .00 413 413 483 405
5*50 397 446 ** 413
6 * 0 0 363 455 473 429
6 ,50 m 464 4Mk ■437
7 , 0 0 397 455 464 429
7,50 390 473 mm •m
8 * 0 0 390 455 460 429
9 .00 390 473 464 421
1 0 . 0 0 370 m 437 421
1 1 , 0 0 - 464 405 429
1 2 , 0 0 • - 437 mm
13,00 ■mm 473 413 mm
14,00 376 - mm 418
15.00 m 464 390 -
16.00 363 ~ 421 430
13.00 376 446 390 437
2 0 , 0 0 302 m - « .
2 2 . 0 0 302 383 mm
I l l
TAROS XXCTT.
D istance
from
Quench
Level
(ram)
23/Mm  
650°
23/lvm
650°
+50 inns 
a t  2 0 0 °
25/?.; .H 
650°
+ 1 2 0  ran. 
a t  2 0 0 °
25/JiW
750°
23/jMH
750°
rep e a t
(C-10)
750°
1 0 #
A l-B r
1 0 0 0 °
—2 . 0 0 230 446 «*' 2 2 1 224 258 312
- 1 , 0 0 843 455 . 505 224 224 274 327
0 - 0 , 0 0 • m - - mm 260 283 306
1 - 1 * 0 0 .. 483 , 525 224 2 2 1 274 312
2*2*00 232 455 525 mm. - 297 327
3 -3 .0 0 o o r t( 493. - 221 224 292 527
3 -3 .5 0 233 ' -** m m mm. 322
4 -4 .0 0  " 227 • 446 505 221 C o l 357 333
4 -4 .5 0 218 «. m - • 473 m
5 -5 .0 0  ■ 215 493 *• 221 2 1 8 464 327
5-5 .5 0 <*>•3: A 464 o o * j&j  Ju - 464 -
6 - 6 . 0 0 233 455 488 230 224 464 322
6 - 6 . 50 230 455 423 233 224 •* mm
7 -7 .0 0 247 466 473 274 270 437 317
7 -7 .50 302 437 446 97 A  fZ 345 m ~
8 . 0 0 345 421 464 557 405 446 312
8.50 330 413 m 383 429 446 -
9 .00 429 423 483 383 421 '«• 322
9 .50 397 423 • *y r?#  6  t o 405 mm ’ZOO
1 0 . 0 0 413 421 413 370 446 327
10.50 423 530 •m 339 363 « 274
1 1 . 0 0 421 370 464 * * 357 429 243
11.50 413 370 357 383 m 243
1 2 . 0 0 337 370 - m 357 429 227
12*50 <•* 357 mm 570 mm -
13.00 383 — m m 376 429 236
14.00 *•* - - mm m 429 227
15.00 - - m mm 390 230
16.00 - - mm n . 405 224
17.00 - ■» mm mm mm 453 2 1 2
13.00 MM. wm 413 215
®VBL‘3 XXXVII. 1X2.
£ i & t ~
a n c o
Q u e n c h  
L e v e l  
. ( s u n )
2 4 / 0
Q * 7 0 0 ° C
2 3 / j H i
Q - 7 0 0 ° C
2 4 / T B  
Q - 7 0 0 ° C
2 Z / U I
Q - 7 0 0 ° C
i  v u u y e i ’
2 4 / T H
Q - 7 0 0 ° C
X J i l l  a i l ?
2 4 / T H
Q ~ 5 8 5 ° C
? Y S  v v r  i v ;
2 2 / 0
Q - 7 0 0 ° C
*»2 ,  O Q 2 1 8 2 3 6 2 2 ? 3 0 2 2 2 1 2 7 0 2 5 1
■*■*1 ,  5 0 2 2 4 2 5 1 2 2 7 2 9 7 *. 2 7 9 2 5 4
* 1 * 0 0 2 2 4 2 5 6 2 2 7 3 0 2 2 2 4 2 9 7 2 5 8
0 * 0 0 2 1 5 2 4 3 2 2 4 2 9 7 2 2 4 2 7 9 2 3 6
1 * 0 0 2 1 8 2 3 3 2 2 4 2 9 7 2 1 5  . 2 8 5 2 5 1
2 * 0 0 2 1 5 2 5 6 2 2 4 3 1 7 2 2 1 m m
2 * 2 5 2 1 2 - • 3 2 7 - m 2 7 4
2 * 5 0 2 1 5 2 4 0 2 2 4 ft* C O T 2 7 9 m
2 * 7 3 2 1 5 2 3 6 2 8 7 3 2 2 - m 2 8 3
3 * 0 0 2 1 2 2 6 2 2 3 5 3 1 7
O o r v
4 2 7 9 3 1 2
3 . 2 5 2 2 7 m - 3 5 1 *» *#• -
3 . 5 0 2 2 4  ' 2 8 3 2 3 6 3 9 0 2 3 0 3 5 7
3 . 7 3 2 3 3 - 3 9 7 2 2 4 m -•ft
4 # 0 0 2 3 3 2 9 2 2 3 0 4 0 5  ' 2 3 0 2 8 7 •
4 . 2 5 2 5 0 3 1 2 2 3 6 4 7 8 2 4 0 2 8 3 «>
4 . 5 0 2 5 4 3 9 7 2 4 3 m 2 3 0 2 8 7 3 8 3
4 * 7 3 2 7 9 3 9 0 2 3 6 2 3 4 ~ 3 9 7
5 . 0 0 2 7 4 3 8 3 2 5 8 4 6 4 2 3 6 ft* 4 1 3
5 . 2 3 3 0 6 w* 2 6 2 MM! Ml m
5 . 5 0 3 3 9 3 9 0 2 7 0 4 3 7 - 2 7 4 3 9 7
5 . 7 5 3 5 7 w 4 6 4 m -
6 . 0 0 3 S 3 3 9 0
C V "iO(O v  #6 4 3 3 2 4 0 2 9 2 3 7 6
6 . 5 0 3 9 7 - 5 0 6 « . 2 5 2 3 0 6 3 9 0
7 . 0 0 3 8 3 3 7 6 3 3 3 4 6 4 2 9 2 3 2 2 •ft
7 * 5 0 4 2 1 •ft 3 3 9 4 2 9 3 1 7 3 5 1 •»
8 . 0 0 4 1 3 3 8 5 3 7 0 4 5 5 3 5 7 3 6 3 m
9 . 0 0 4 1 3 m 4 2 1 m 4 3 2 5 3 5 m
1 0 . 0 0 4 2 9 3 7 0 4 0 5 4 4 6 4 2 1 3 9 7 3 8 3
1 1 . 0 0 4 2 9 - 4 2 1 4 0 5 4 3 7 4 5 0 3 5 7
1 2 . 0 0 4 2 1 3 8 5 4 2 9 4 2 1 4 7 4 3 3 3
1 3 , 0 0 4 0 5 4 0 5 3 9 7 4 2 1 4 8 3 3 5 1
1 4 , 0 0 m 4 0 5 4 2 1 4 5 5
1 5 . 0 0 6 9 0 ft* 3 9 7 3 8 3 4 2 1 4 4 6 -
1 6 , 0 0 3 8 3 3 7 6 - •ft 4 2 1 4 7 3 3 3 3
1 8 . 0 0 5 7 0 3 9 7 3 6 3 3 6 3 4 1 3 4 7 3 -
2 0 . 0 0 3 5 7 3 8 3 3 7 0 3 9 7 4 2 3 3 0 9
2 2 . 0 0 5 6 3 ' - 3 7 6 3 9 0 4 0 5 m •ft
2 4 . 0 0 5 5 1 4 2 9 3 5 7 3 7 0 - -
2 5 , 0 0 3 5 7 - 4 3 7 *# 3 8 3 Mi •ft
2 8 , 0 0 3 2 2 4 0 5 3 6 3 3 9 7 •ft 3 2 2
3 0 . 0 0 - 3 9 7 3 6 3 m • •ft
3 2 . 0 0 m 3 6 3 3 7 6 5 5 0 -»
3 4 * 0 0 m - 3 5 1 m 3 7 6 M, -
3 6 . 0 0 •ft ~ 3 6 3 m 3 4 5
m ft*
4 0 . 0 0 3 7 0 3 7 6 «N m • •
s s e t io i v i*
m m o p .b h s tji® .
Ttm proa out w o r k  £ o l ly  substantiates. tbs observations 
o f previous oxpoHaaenfcors* but indicates fctmt alternative
eomltt&tons a s  to  tlaolr m aning  smsr bo nocoasar^# In  th is  
resp ect an ©s&aplo eaa  ^ bo found In  t k m  w o t i t  o f  1 m l  and 
O binata^- (S ec tio n  I  -  &)» Ibo in terp re ta tio n  o f  ibo  
sequence o f  s tru ctu res  tn  tomm  o f  Interm ediate co n stitu en ts  
/** and su ffered  f r o m  an inadequate separation  o f  
d if fu s io n  and d iffasIonX asa reactions* perlbcbl^  understand* 
ab lo  l a  view  o f  tb s date o f  tb s ir  rosoarsh (10SO}»
fixe tendon©# o f  ^ a p m so  TOi^ors m c h  as Iaatmwu to  
t r e a t  rea c tio n s on tampering as a m a m m r ?  su ccessio n  o f  
se v e r a l l&te&tt&tato pb&ses s im ila r ly  overloaded tho 
p o s s ib i l i t y  o f  inclopandont typos o f  rea ctio n  a t  various  
tes^eraboros*
Hanson’s*^ in te rp re ta tio n  o f  tho reaction  bands as bolng 
duo to  p a r t ia l  decomposition- to  (ot*5") eu tec to id  1ms been
f u l ly  confirm ed {ef* F ig s ,  4 2 , 4 3 ) ,
ey/*i
fha w o r k  o f  Verb*'4' has a lso  boon confirm ed, bat boro 
important d iffe r e n c e s  have boon node as to  in te rp re ta tio n  o f  
tb® r e s u lt s  i th© eom equonees o f  t h i s  in terp re ta tio n  on tho  
no taro o f  the rea ctio n  are d iscu s sod la  d e t a i l  in  
S ec tio n  VXI#
am .. UonftInuous hoaxing Tmr^5B;:mtiona,
llo © peotfieaX X y now f e a tu r e s  a r e  eneountG red in  th e  
t r a n s fo r m  t i o n  o f  e a g p e r * t in  a l l o y s ,  t o t  sovom X  well 
e s t a b l i s h e d  phenomena a r e  ■ found in  now com M m ticm s*
Eoferene© to Section 1 1  and T&h%® IV1 1 1  shows th a t the 
IsinetXo cteracterX aties o f coppor*tin alloys rosoirMe a s s t 
c lo s e ly  those o f eoppor^beryXlito alloys, while la  rospoct 
of pro*otit0 0 tO'id m d eutectoid rsastiom  the rasemhXanc© is  
more w ith  cop p er^ lu m ln ta i a l lo y s .
I t  m y  bo s ig n if ic a n t  th at eappor^toryXXim i s  a lso  
tho on ly  o th e r  eoppe*»taae system  which ex h ib its  aub~toundary  
phonomom under I so th e r m ! conditions*
fh e  mode o f  fbrm tion  of eutectoid structures by 
p r e c ip ita t io n  o f  <* follow ed by nodular growth o f  5  i s  almost 
iden tica l w ith  tho sequence observed in  sosse eops*>s*alutalnltra 
a llo y s*  I t  affords* .In c id e n ta lly , an explanation o f  the
co a rse , gr& m lar, and d iv o rced  appearance o f  tho  e u te c to id  
observed i n  most eomsaerclaX bronzes#
The h ig h  speed o f  r e a c t io n  a t  low temperatures was un­
expected  from a system where co rin g  a t  low t in  co n ten ts  i s  
very d i f f i c u l t  to  remove* Some d if fu s io n  experiments by 
Mehl and EM nes^0® in d ic a te d  however that there i s  a  rapid  
d ec re ase  In  th e  a c t iv a t io n  energy f o r  d iffu s io n  a a the t in  
c o n te n t r is e s *  The a c t iv a t io n  energy f o r  p r e c ip ita t io n ’ in  
th e  24*9% a l lo y  i s  c e r ta in ly  v ery  low, a s  in d ica ted  by 
Figs# 50a and SOb 15,500 eals/iya*maX) *
The s a t i s f a c to r y  co r re la tio n  o b ta in e d  between Isotherm al 
and continuous co o lin g  tm m  formations m y  be duo to  th e  
in h e re n t a d d i t i v i t y  o f  rea ctio n s in. th e  co p p er-t in  system# 
There i s  a s  y e t  no wortc on o th e r  copper-base  s y s te m  w ith  
which th e s e  r e s u lt s  can be compared*
The e f f e c t s  o b ta in ed  by a l t e r in g  th e  t in - c o n te n t  and 
adding  a l lo y in g  elem ents seem Inherently r e g u la r ,  and a to  
sc h e m a tic a lly  shown in  Fig* 51*
tn  th e  C ontex t o f  EoulllbrlTO . B ehaviour o f  
0owner Base Ji iTmseT. '
trffT*—“ rn'iHi iiUpiiwwwi" «1H i> HH'UXmwiJ i»n itfiwirmWVn»rif'i-rTr 1W"<»
I t  was s t a t e d  in  S e c tio n  V -  C t h a t  s t r a i n  and «  su p e r-  
s a tu r a t io n  were th e  main f a c to r s  responsib le f o r  th e  behaviour 
o f  bronzes o f  d i f f e r e n t  t in  con ten ts*  C ertain r e g u la r it ie s
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FOR SOMtL CU-SN M .LO\S
In  th e  e f f e c t . o f  a l lo y in g  elem ents wore notod i n  S ec tio n  V * Da 
and th e s e  two o b se rv a tio n s  su g g es t t h a t  tb s  e f f e c t s  o f  
a d d i t io n s  on th e  non-equiXihxlum  behav iour o f  P bronze fo llo w  
s t e l l a r  laws to  th o se  fo rm u la ted  f o r  th e  eq u ilib riu m  
b eh av io u r o f  P phases* ' ■.
Much work t e a  been done on th e  e f f e c t  o f  v a r io u s  fa c to r 's  
on  co p p er-b ase  P and ^  p h a s e s ^ 4 and th e  r e s u l t  o f  
v a ry in g  th e s e  f a c to r s  in  te rn a ry  a l lo y s ^ ®  ,137*188,109,,
The 0opeer~Alumlniuni system  has been co n sid ered  to  b© 
in te rm e d ia te  In  b eh av io u r to  copper*tedium  and copper- 
.g a l liu m * ^ , and many o f  i t s  c h a r a c te r i s t i c s  can bo s im u la ted  
by Ou-Sn-Zn alloys^® ^*
I t  fo llo w s from theasodym m ic p r in c ip le s  t h a t  th e  
su p p re ss io n  o f  e q u ilib r iu m  phases may cause t r a n s i t i o n  phases 
to  ap p ea r which have a l l  th e  c h a r a c te r i s t i c s  o f  some 
a l t e r n a t i v e  co p p er-b ase  a lloy*  This a c tu a l ly  occurs in  
Gopper-AXuai nium , where an  o rd e r in g  r e a c t io n  ta k e s  p lace  
(of* Cu-2n) i f  th e  e u te c to id  decom position  i s  avoided®4" * ^ .
W hile t h i s  l a t t e r  type  o f  behav iou r 1ms n o t been no ted  
in  Cu-Sn, I t  i s  undoubtedly  p o s s ib le  i f  s u i ta b le  a l lo y in g  
e lem ents as?© chosen* C e r ta in ly  tho v a r ia t io n  o f  th e  t r a n s ­
fo rm atio n  e lm r a c to r is t lc s  w ith  t i n  c o n te n t (Fig* 31) in d ic a te s  
t h a t  th e  P /V  r e a c t io n  i s  r e f lo o te d  in  th e  n o n -eq u ilib riu m  
b eh av io u r o f  th e  system .
SECTION' V I I *
THE SIGNIFICANCE OF tRAHSFORMA.fXOH rsj-JAPACT^RtgfXOS
o h  T igs m to h e "  o f  T m j z r m m m r  1
l*he /3-V r e a c t io n  re p re s e n ts  the  only o u ts tan d in g  f e a tu re  
o f  th e  Cu-Sn e q u ilib r iu m  diagram  about which th e re  rem ains 
a m easure o f  d isagreem ent*^* 193,194# S ev e ra l experim ents
in  th e  p re se n t re s e a rc h  have a d i r e c t  b ea rin g  on tho n a tu re  
o f  t h i s  r e a c t io n ,  b u t c o n s is t  on ly  o f  rae ta llo g rap h ie  evidence* 
I t  has th e re fo re  been co n s id e red  w orthw hile to  revieiT a l l  
a v a i la b le  ex p e rim en ta l ev idence on th o  /3«- X r e a c t io n  In  o rd e r  ‘
* d
to  p la ce  th e se  m e ta llo g ra p h ie s !  d e t a i l s  in  t h e i r  p roper 
c o n te x t .
SA1~. E xperim en ta l Evidence on th e  N ature o f  
th e  A rre s t  a t  586QQ*
Cool ins; Curve D ata ,
S im ila r  c h a r a c te r i s t i c s  f o r  the a r r e s t  a t  586° were 
found by a l l  ex p e rim en te rs , p rov id ing  th a t  c e r t a in  p re c a u tio n s  
reg a rd in g  th e  r a te s  o f  h e a tin g  and c o o lin g , and the  a tta in m en t 
o f  an  i n i t i a l l y  e q u ilib r iu m  s t a t e  were followed* (Fig* 52*) 
Hoyt5 I n i t i a l l y  observed th e  a r r e s t  a t  590°C in  a l lo y s  
c o n ta in in g  15 .5 -22$  Sn, and found th a t  th e  e f f e c t  was a b se n t
23 % <Si
ssC X / p *
FIGW/)
TVf\CM- ftRRfcSTg
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FKRESTS WITH R^TC 
OF C O O L IN G - "
QVtwtv Ver‘6 ^°)
a t  25/o Bn a lth o u g h  tho  smxtmmn b o a t e f f e c t  occu rred  ju s t  
p r io r  to  th e  d isap p earan ce  o f  th e  a r r e s t .
B auer and V o lle h b ru c k ^ >H  c o n fim e d  an a r r e s t  a t  537°C 
b u t found i t  e s s e n t i a l  to  a t t a i n  thorough eq u ilib r iu m  in  
e i t h e r  th e  { *  + If) o r  th e  f i e l d s , and an  i n i t i a l  h ig h
tem p era tu re  an n e a l a t  7GG*750°C * o th erw ise  th e  a r r e s t  was 
v ery  f a i n t .  The h e a t e f f e c t  in c re a se d  more o r  le s s  
r e g u la r ly  from 16»24$3n and was v e ry  weak a t  25$Sn* I n t e r ­
p o la t io n  o f  th e  degree o f  h ea t e v o lu tio n  v ersu s % com position  
gave a v a lu e  o f  24*4$ f o r  th e  percen tage  com position lo ad in g  
to  tho  maximum a r r e s t .
S to c k d a lo ^  confirm ed a  sm a ll and i r r e g u la r  a r r e s t  
p o in t ,  b u t o b ta in ed  heavy o v ersh o o tin g  in  the range 582-614°C 
VerB2^ o b ta in e d  a cliange in  d i r e c t io n  in  d i r e c t  co o lin g  
curves a t  586°G u s in g  r a te s  o f  h e a tin g  and co o lin g  o f  2-3°/mn 
Kamasumi-^ u s in g  s l i g h t ly  h ig h e r  co o lin g  r a te s  3-10°/ran 
o b ta in ed  sev ere  u n d erco o lin g  in  th e  range 550^530°C> w ith  
a maximum h e a t e f f e c t  w ith  a 23.27$3n a l lo y  % no change 
cou ld  be d e te c te d  at.24.B $3n*
Hamasuml and Odamura^5 , u s in g  a s p e c ia l ly  p repared  
s e n s i t iv e  couple found evidence f o r  an  a r r e s t  a t  570°C f o r
a -25^Sn a llo y *
Irnai and O binata55 u s in g  a r a te  o f  h o a tin g  and co o lin g
50C/mn o b ta in ed  a n g s t s  a t  5B30G 12° in  a l lo y s  up to  25.27^Sn.
Tho degree of* hoat e v o lu tio n  seems to  be g r e a te r  on 
h e a tin g  than, on cooling-**®,ll,o5# This can b© in te rp r e te d  
as meaning th a t  th e  536° re a c t io n  can be more e a s i ly  
su pp ressed  on c o o lin g  th a n  on h e a tin g , and fo r  t h i s  th e re  i s  
th e  ev idence o f  th e  fo llow ing  a l lo y s
TABLE XXXXX*
T herm  1 A rre s ts  o b ta in ed  on K eating  and, Cooling  A lloys
c o n ta in in g  25
TiwiiuMjm m «.huairci».,.wAi,'-wmi lAh»ii i ,au nrfrm mmm m
Compos-*
i t l o n H eating A rre s ts Heferenc©
25.00$ H eating
C ooling
57Xil°C 5S6°C 
571il°C
Bauer and n . .  
V olleribruck10*
2 4 •20% H eating
C ooling
570°C
550°C ( r /c  & r /h  3*10°/mn)
25*27% H eating
C ooling
550°C 587°C 
5450C
Imai and O b ln a ta^ h
(2) E le c t r i c a l  R e s is tan ce  D ata#
The ty p e  o f  a r r e s t  o b ta in ed  w ith  e l e c t r i c a l  r e s is ta n c e
m easurements i s  s im ila r  f o r  v a rio u s  au thors*  a lth o u g h
d i f f e r e n t  in  n a tu re  from th e  therm al a r r e s t s  (F ig . 52a) •
There i s  a g rad u a l change in  s lo p e  r a th e r  than a d i r e c t
a r r e s t ,  and Ham&surai19 s t a t e s  th a t  th e  change proceeds
uninbOTOspto&ly w ith r is e  la  taiipor&tura* Ho a m s t  too 
found by llam am i fo r a 05*M ^a alloy *ltocRi£h too rates 
of te s tin g  ©M cooling wore only o«B°0/i^*
to a i and O'bim.fea^ slow curves with a a lig h t eonvoslby 
above th o  i S o ^  s iib ee to M , tho  cu rv es  s tm ig h ts n ln g  above 
SBO^ C# Eepoatlag tho m & ® v k m n t ®  with a rate o f cooling 
ami testin g  loss toan i P o / t m  gave the cr itica l point on bto 
curve between tW3°**B85°Ch fielding a t  a temperature below 
the c r it ic a l temperature caused tho resistance change to 
step# aM then on further etosgo in temperature a  smooth 
curve is  obtained* . f te  reaction tons appears to bo 
t^^orataro^dopondont &M not tino^clopomiont. $te of foot 
Increased with the axaoont o f |* In tho alloy and too change 
m $  therefore be attributed to tho Ji phase# tho msitira 
of foot occurred with an alloy o f £3*CT&n«
l a ! a l s o  obtained a r r e s ts  in  too region  o f  S00°C* 
bat m -  already mentioned, in  Section ¥XX*C* 2 '  too load-wirea 
nsod have boon deaom tratod  to  g iv e  spurious' r e su lts*  ami 
t i l l s  worh eannsb th erefore bo accepted as confirm ation o f  
too  5000c e f fe c t*
( 3 ) i K-**Ha?fu H ata*
Very l i t t lo  data la  a v a ila b le  foa? tho region o f  tho 
S3C° e ffect proper, as d istin ct from it s  continuation into
th e  P/tf f i e l d .  Isawa23 found p r a c t ic a l ly  id e n t ic a l  (oC + p )  
s t r u c tu r e 3  u s in g  a h ig h  tem pera tu re  camera a t  tem pora tu res 
below and above 586° in  to e  reg io n  o f  20-23$3n.
(4) M et-allographle Da ta  ♦
The h ig h -te m p e ra tu re  phase P has o f te n  boon id e n t i f ie d  
In  c o n t r a s t  to  tho  low tem pera tu re  phase * by v i r tu e  o f  i t s  
a c ie u la r  appearance on q u en ch in g ^> 4 4 ,4 8 ,4 7 # i t  i s  however 
d i f f i c u l t  to  use t h i s  c r i t e r i o n  a s  a means o f  a d d i t io n a l  
ev idence f o r  th e  586° r e a c t  ion  * n o tw ith s tan d in g  th a t  th i s  
tem p era tu re  forms a v ery  d e f in i t e  dem arcation  betw een th e  
p resence  o f  a c ic u la r  and p la in  quench p ro d u c ts . The 
d i f f i c u l t y  i s  due to  th e  dependence o f  Ms on com position , to  
th e  p o s s i b i l i t y  o f  c r e a t in g  a c ic u la r  s t ru c tu re s  by d efo rm atio n , 
and to  th e  v a ry in g  s e n s i t i v i t i e s  o f  etches*
The Ms tem p era tu re  i s  lowered below room tem peratu re  a t  
24.8^3 n  {see S e c tio n  I  -  G) and thus any P a t ta in in g  th i s  
com position  w i l l  n o t show a c ic u la r  m arkings u n le s s  do formed. 
S ince th e  com position  o f  p  in  eq u ilib r iu m  w ith  a t  586°C i s  
betw een 24*6-25* 2;£Sn, s t r u c tu r e s  quenched bo low 536°C w i l l  
n o t show a c ic u la r  s t r u c tu r e s ,  i r r e s p e c t iv e  o f  any r e a c t io n  
a t  58S°C. Whet t e r  the  occurrence  o f  a second type o f
m artens i t  e betw een 24.6  and 25.2$66 i s  a t  a l l  connected  w ith  
tho  r e a c t io n  a t  5860 i s  a m a tte r  fo r  c o n je c tu re .
Tho v a ry !ag s e n s i t i v i t i e s  o f  etches could a ls o  bo 
re sp o n s ib le  f o r  the v a i l in g  claim s regarding th o  m o ta llo g rap h ic  
id e n t i f ic a t io n  o f  th e  536°0 reaction . Hoyt^ has p o in te d  
o u t t h a t  a  OuOlg e tch  w i l l  no t show d e t a i l  in  J* phases s in c e
o f  an  a c ic u la r  s t r u c tu r e  and w i l l  re v e a l th is  even when ac id  
F0 CI3  allows a pseudo^liomogenous p la in  p  *
Amraonium p e rsu lp h a te  w i l l  m rm a lly  a t ta c k  *  , b u t may 
a t t a c h  p  i f  th e  l a t t e r  i s  p a r t i a l l y  decomposed* Sm ith a rd  
I d e n d l i e f ^  have shown th a t  .in  Cu-Al a l lo y s  i t  I s  p o s s ib le  
to  o b ta in  e n t i r e ly  d i f f e r e n t  s t r u c tu re s  w ith  a c id  and 
a lk a l in e  e tch an ts*
D e ta ils  o f  is o th e r m ! work in  t h is  reg io n  have been 
g iv en  in  S e c tio n s  I  *» B and V « B* and w i l l  be d iscu ssed  
subsequently* Some id ea  o f  th e  c o n f l ic t in g  m iorootruetural 
d a ta  may be o b ta in e d  by re fe re n c e  to  F ig .56 in  S e c tio n  VI1-0*
Tho confirm ation  o f  an  a r r e s t  a t  S30°G has 'had a marked 
In fluence on the  form o f  tho  equilibrium  diagram  in  tho 
range &5*4Q$5»* Since phase boundaries r.ust connect a r r e s t s  
in  a  manner w hich docs n o t con travene th e  laws o f  thermo** 
dynam ics, i t  proved necessary to  Jo in  th e  5S6°C to  some
i t  p r e f e r e n t i a l ly  a t ta c k s  *  
s t a t e  th a t  •. 55$nftOs * 8 5 «
Hamsnaal and H ish ig o r l^
i s e n s i t iv e  to  th e  presence
o th e r  a r r e s t ,  and in  t h i s  connection  the  form o f  th e  s o lid u s  
and liq u id u s  In  the  reg io n  25**35f&Sn assumed an in c re a s in g  
im portance* T his a rea  however a ls o  e x h ib its  c e r t a in  
i r r e g u l a r i t i e s ,  and the  many fo m s  th e  Cu-Sn diagram  M s 
assumed may be tr a c e d  to  th e  co nnections made between th e se  
d isp u te d  a r r e s t  areas*
(B ) An A n aly s is  o f  the V arian ts  o f  the-ppf ' ‘u |  in,   .n^niT),, —■■r-rrrrmTrii-1 " ^<111 -gimrai in>nr'ni'ifmr>iiiiiifMini i      n m  innnniin *Hj mm <i»*i m h * hi*>» H i I'm . . mW
Cu-Sn E q u ilib riu m  Diagram.
F ig . 53 in d ic a te s  th e  p o s it io n s  a t  which a r r e s t s  have 
been observed  by v a rio u s  a u th o rs . These can be d iv id e d  In to  
th e  fo llo w in g  groups t
a )  L iq u id -s o lid  R eac tio n s*
(a) A s in g le  a r r e s t  a t  755°G and in  the 
range 26«30$3nj
(b) A s in g le  a r r e s t  a t  743°C and in - th e  
range 50-34#Sn;
(g) A r re s ts  in  b o th  p o s i t io n s !
(d) S in g u la r  p o in t (m eeting o f  so lid u s  
and liq u id u s  above CusSn.
Where a s in g le  a r r e s t  M s been re p o r te d , i t  has been 
c l a s s i f i e d  by i t s  com position  range more r e a d i ly  th an  by 
te m p e ra tu re , s in c e  u n d erco o lin g  can cause the 755° a r r e s t  
to  o ccu r a t  tem pera tu re  approaching  745°♦
B/ K j
H J LK
M N
(FIG.5H-)
INTERPRETATIONS OF THE p/v  REGION
(2) S o lid  R e ac tio n s .
(a) An a r r e s t  a t  586^ in  th e  reg io n  20«25$Snf
(b) An a r r e s t  a t  590° In  th e  reg io n  88»30fSn*
(c) An a r r e s t  a t  640° in  th e  reg io n  52-34^Sn.
These a r r e s t s  have been g iv en  code l e t t e r s  (A-F) to
f a c i l i t a t e  com parison o f  th e  v a r io u s  com binations found In  
th e  l i t e r a t u r e ,
(3) The Development o f  Cu-Sn Diagrams,
In  th e  e a r l i e s t  d e te rm in a tio n s  i t  was recogn ised  th a t  
an  a r r e s t  i n  the reg io n  740«750°C in d ic a te d  a tra n s fo rm a tio n  
o f  p  to  a n o th e r  p h ase ; t h i s  phase was termed Y. The 
p re c is e  d is p o s i t io n  o f  th o  {p + Y) f i e l d  was l e f t  open, b u t 
i t  was g e n e ra lly  accep ted  th a t  th e  a r r e s t  In d ic a te d  a 
p e r i t e c t l c  r e a c t io n  p*  L ^  Y 
Pig;, 54b t
B efore th e  586° a r r e s t  was observed* a ttem p ts  were made 
to  connect th e  755° a r r e s t  w ith  th e  590° a r r e s t  a t  C,^*
F ig , 5 4 cg
An a l t e r n a t iv e  method o f  u t i l i s i n g  the  755° a r r e s t  was 
th a t  o f  G io le t t i  and T av an ti4  > b u t th e  low er a r r e s t  n ea r th e  
520 e u te c to ld  seems to  have been due to  experim en ta l e r r o r .
125*
Pip:* S M ;
As soon as tho  586° a r r e s t  had been e s ta b lis h e d , many 
in v e s t ig a to r s  p laced  a { p  ♦ Y ) f i e l d  in  th e  p o s i t io n
The c o n tra d ic to ry  n a tu re  o f  th e se  diagrams caused an 
in te n s iv e  se a rc h  fo r  co n c lu siv e  evidence in  su p p o rt o f  on© 
p a r t i c u l a r  ty p e , b u t produced in s te a d  an  in te rm ed ia te  
d iagram ; th e  e x is te n c e  o f  th e  586° a r r e s t  was a ff irm e d , b u t 
any co n n ec tio n  w ith  th e  ( p+Y  ) re g io n  was disclaim ed* Thus 
Hoyt®, Coroy^, and C a rs o n ^  p laced  th e  ( p + Y )  f i e l d  a t  (AC) 
and In d ic a te d  th e  586° r e a c t io n  m erely  as  a  d o tte d  l in e  in  
th e  (ot + p)  f i e l d .
Fla* 54f ;
Is ih ara^®  accep ted  s im ila r  re a so n in g , b u t considered  
th a t  th e  586° r e a c t io n  was caused by some change in  .
Fig* 54g t
H a p e r^  in tro d u ced  a v a r ia t io n  in to  t i l ls  a rrangem ent, 
whereby th e  586° a r r e s t  was p o s tu la te d  to  be due to  a p o ly ­
morphic change in  p  , the  a r r e s t s  being  p a ire d  i n  th e  form 
(CD) and (AE).
F i r .  54h ;
Hamasumi1 9  co n sid ered  th a t  th e  586° r e a c t io n  was due to  
a change in  th e  , bu t in te rp r e te d  i t  as a second o rd e r
r e a c t io n  and th e re fo re  co n sid ered  th a t  i t  extended in to  th e  
P  f ie ld *  This d o tte d  ex ten s io n  d id  n o t connect w ith  the  
a r r e s t  a t  C* . M atsuda^® *^ upheld  th e  same h y p o th e s is , b u t 
co n s id e red  a s l i g h t l y  d i f f e r e n t  p a th  fo r  the  586° ex tension*  
The ( *Y ) f i e l d  was p laced  a t  (0 3 ).
Verb 2 0  re-exam ined th e  s o l id u s / l iq u id u s  reg io n  and 
concluded t h a t  two a r r e s t s  o ccu rred  on th e  so lid u s  (A and B) * 
T his le d  to  a f u r th e r  type  o f  diagram  where idle a r r e s t s  a re  
p a ire d  (AD) and (BE).
Fig* 54k ;
Eamasuml and Q&mmra2® rep ea ted  tho  o r ig in a l  work o f  
Ham&sumi^ 0  and e s ta b l is h e d  a diagram  v ery  s im ila r  to  th a t  
o f  Verb2 0 , ex cep t t h a t  th e  e u te c to id  p o in t a t  (D) was made 
to  c o in c id e  w ith  th e  /V  oC + / i )  phase boundary* The o r ig in a l  
(J^ + Y)  re g io n  was t e n ta t iv e ly  l e f t  i n  th e  p o s i t io n  (BE)*
Fif?* 54 1 ;
A f u r th e r  a p p r a i s a l  o f  th e  s o l id u s / l iq u id u s  reg io n  le d  
liamasumi2 8  to  conclude th a t  on ly  on© so lid u s  a r r e s t  e x is te d  in  
th e  re g io n  A/B, and the  { + Y ) f i e ld  a t  (BE) was dele ted*
T his diagram  i s  very  s im ila r  to  th a t  proposed by Bauer and 
V ollenbruck-5*0 ©xcopt f o r  tn© p o i n t —i n te r s e c t io n  o f  tho  
( / l + Y )  and ( * + f i )  f ie ld s *
In  o rd e r  to  com plete th e  s e r ie s  o f  diagram s i t  should  
be no ted  th a t  S ro n ie w s k i^  showed a s in g u la r  p o in t  above 
CugSn (as d id  G i o l e t t i  and T avan ti4 ) in s te a d  o f  a  p e r l t e c t i e  
a r r e s t  a t  7 5 5 0  0 r  14cP, H is d iv is io n  o f  the p  and IT f i e ld s  
was a c c o rd in g ly  p laced  a t  (EF).
(4) A n a ly s is  o f  R eactions proposed to  
Ac coun t f o r  tho 586° A r r e s t*
I t  i s  e v id e n t th a t  In  a l l  cases  where th e  588° r e a c t io n
has been a t t r i b u t e d  to  a normal phase change, lin k a g e  w ith
o th e r  a r r e s t s  has been a s s o c ia te d  w ith  a (|3  + Y) f i e l d  in
accordance w ith  thermodynamic requirem ents* Where a r r e s t s
in  o th e r  p a r t s  o f  th e  diagram  have been s a t i s f a c t o r i l y  jo in e d
In  a l t e r n a t i v e  w ays, th e  580° re a c t io n  lias been a s s o c ia te d
w ith  th e  s in g le  tra n s fo rm a tio n  l in e  a s so c ia te d  w ith  a second
o rd e r  r e a c t io n . Some au th o rs  have n o t f e l t  s a t i s f i e d  w ith
th e se  a l t e r n a t i v e s ,  and have sim ply in d ic a te d  th o  reg io n s  in
w hich an  a r r e s t  has d e f in i t e ly  o ccu rred , e . g . ,  i n  th e  (<**^3)
re g io n .
These v a r io u s  p ro p o sa ls  can be l i s t e d  as fo llo w s:
(a) Transformations in v o lv in g  a two--phase f i e l d .
I .  E u te c to id  Reaction-*-0 ^9,28^
.  14i i ,  Polymorphic change#
i-b) T ram fo rm at ions in v o lv in g  Second O rder Changes.
i* O rd er-D lso rd er Trans fo rm ation2^
11* MAgf* Trans fo rm ation -*-0  •
111, I n te r n a l  Change in  p 
l v .  I n te r n a l  Chang© in o tlS ,
(c) tins p ee l f le d  Trans f o r m t io n s 1^ 0 *-*-0*
A ll  a u th o rs  have provided some ev idence f o r  th e  v a rio u s  
p o s it io n s  a t t r i b u t e d  to  th e  ( fi + X ) f i e l d ,  and tho  p a r t i c u la r  
n a tu re  o f  th e  P-Y r e a c t io n . The c o n tra d ic to ry  sta tem en ts  
mad© in  th e  l i t e r a t u r e  abou t a ( p + Y) f i e l d  form a marked 
c o n tr a s t  w ith  tho  alm ost unanimous agreem ent abou t an  a r r e s t  
a t  588°.
The a v a i la b le  ev idence reg ard in g  th e  ( p + Y ) f i e l d  has 
th e re fo re  boon su b je c te d  to  a c r i t i c a l  exam ination .
(C) E xperim en ta l Evidence Regard i m  a
(1) The rrnal A n a ly s is .
Kamasumi and Odamuras ^ u s in g  a s e n s i t iv e  th e  m o-elem en t 
on a l lo y s  in  the rang© 25~28m3n concluded th a t  th e re  was a 
p - Y t r a n s i t i o n  ex tend ing  from a p e r i  te c  t i c  change a t  743°C 
and 2 Q 0 n 9 to  570°C* and 25#3n. Only one a r r e s t  was observed .
Bauer and Vollenbruck-**0 *3*^  o b ta in ed  a r r e s t s  In  th e  same 
re g lo n j th e  sp read  o f r e s u l t s  on b o a tin g  and c o o lin g  i s  v ery  
sm all and ap p ea rs  a ls o  to  in d ic a te  only  one a r r e s t  (Table XX>) • 
Verb 2 0  u s in g  r a te s  o f  h e a tin g  and co o lin g  o f  2-3°C/mn 
found s in g le  a r r e s t s  w hich were' in te rp r e te d  a s  being  th e  
upper' { P * Y )  boundary on co o lin g  and tho low er (p  * Y )  
boundary on h e a tin g .
( 8 ) E l e c t r i c a l  R e s is tan ce  Measurements in
F ig . 52b I l l u s t r a t e s  th e  type  o f  d is c o n t in u i ty  o b ta in ed  
by alm ost a l l  I n v e s t ig a to r s  u s in g  e l e c t r i c a l  r e s is ta n c e  
m ethods. However, w h ile  a v e ry  s a t i s f a c to r y  q u a l i t a t iv e  
agreem ent e x i s t s , I t  I s  u n fo r tu n a te  th a t  the a r r e s t s  o b ta in ed  
v ary  e x te n s iv e ly  as to  t h e i r  tem pera tu re  and com position 
p o s i t io n  w ith  each  a u th o r  (Table X II ) .
There a re  th re e  so u rces o f  e r r o r  which may account f o r  
th e  d is c re p a n c ie s i
(a) The r a te  o f  h e a tin g  and co o lin g  
employed j
(b) The n a tu re  o f  th e  e l e c t r i c a l  
connections and th e  type o f  
le a d  w ire s  employed $
( c )  H e t e r o g e n e i t y  o f  c o m p o s i t i o n  o f  
t h e  s p e c im e n  e m p lo y e d .
K a m a s u m i1 0  o b s e r v e d  m a r k e d  u n d e r c o o l i n g  a l t h o u g h  u s i n g
Revlon
TABLE XL,
Thermal A n a ly s is  A rre s ts  In  th e  -£ZjL Region*
Com position H eating
C ooling A rre s t Rafaranca
25,0$ 570° Hatnasumi and
26.1$ 650° Odaiaura ®
27,0$ m 635° a
23 ,0$ m 758° H
26,01$ H eating  1°/rm 643° Bauer and
t* H eatin g  2°/mn 641® V ollenbruck ^ 0  >
a C ooling  4°/m i 641°-635° it
a C ooling  4°/cin 649° <*635° tt
21,0% - H eating  2°/rm 699° «
a C ooling  4°/ran 694° it
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r a te s  o f  h e a tin g  and co o lin g  o f  only  0 *5 °C/mn. V orft^  
o b ta in ed  w idely  d i f f e r e n t  curves as th e  r a te  o f co o lin g  was 
v a r ie d  betw een 2 *10° C/inn and cou ld  d u p lic a te  Eam sum l’ s 
r e s u l t s  a t  2°/mn (Pig* 53) (bu t see n o te  on com position  o f  
specim en below ).
I s ih a r a - ^  o b ta in ed  d i s t i n c t  though r a th e r  s c a t te re d  
r e s u l t s  a t  2 /5 °C/mn u s in g  Ag le a d -w ire s | Matsuda*^ 
in v e s t ig a te d  th e  e f f e c t s  o f  v a rio u s  m e ta ls  as le a d -w ire s , 
and found t h a t  Ag gave an a r r e s t  in  th e  oL ran g e , no t o b ta in ed  
when u s in g  Cu, f  t  o r  Fe* The in te r p r e t a t i o n  o f  X s ih a ra 's  
r e s u l t s  i s  th e re fo re  r a th e r  dub ious, a lth o u g h  th e  a r r e s t s  
were o f  norm al form*
V e r5 ^  in v e s t ig a te d  th e  homogerxity o f  h is  specimens* 
These v e ry  narrow  specim ens {2#5mnis x 12cm len g th ) were 
p rep ared  by him by cau sin g  the  m etal to  e n te r  a narrow tube 
■under reduced p ressu re*  A rod nom inally  2S.5^Sn was 
an a ly sed  a t  b o th  ends, and v a lu es  o f  28.4/1 and 2 7 .15% were 
found, a s s o c ia te d  w ith  th e  presence o f  f re e  and f re e  5* •
The p resence  o f  th e se  c o n s t i tu e n ts  cou ld  c e r ta in ly  account 
f o r  a r r e s t s  i n  th e  re g io n  o f  550°C.
Specimens used  by o th e r  in v e s t ig a to r s  were s l i g h t ly  
l a r g e r ,  (4~5mm^ x 12«*15cm) and c a s t  d i r e c t l y ,  b u t d o u b tle ss  
s im i la r  e f f e c t s  could  o ccu r.
Xr* C*
Im al and G binata 0 0  d id  no t o b ta in  a r r e s t s  in  a l lo y s  
o f  27.50/bSn and 28»0$Sn, n o r  d id  H o so i^  w ith  v e ry  s im i la r  
com positions o f  26.85#Sn and 28.12$3n* Itea su m i 1 9  s t a t e s  
th a t  tho  a r r e s t s  in  th e  p/Jf reg io n  a re  much f a i n t e r  th a n  
th o se  o b ta in ed  In - th e  re g io n  o f  th e  5S6° r e a c t io n  {See 
S e c tio n  VI I - -  A).
(3) X—Rsty B ata In  tno  M L  Hendon.
Isaw&^s  made an ex te n s iv e  exam ination  o f  th e  a rea
500**700°C and 23-28/e3n by a h ig h -tem p era tu re  cam era, and
could  f in d  no d i s t i n c t io n  in  l a t t i c e  in  the  re g io n  where a
tw o-phase f i e l d  has been p o s tu la te d  by Bauer and V ollenbruck
(Table XLII) • A s im ila r  h ig h -tem p era tu re  X - r a y  a n a ly s is
was c a r r ie d  o u t on a l lo y s  co n ta in in g  23, 25 and 28*5$3H w ith
1/oSn and 5%Zn and h ere  a ls o  no two-phase f i e ld  was d isc o v e red ,
45a lth o u g h  Y&maguti and hakanmra suggested  a ou t ec to  id  
r e a c t io n  w ith  i t s  a t te n d a n t  tw o-phase f i e l d  f o r  te rn a ry  
Cu -3 ii-2n a llo y s*
Owing to  th e  sm all r a t i o  o f  t i n  to  copper, s u p e r la t t i c e  
l in e s  could  n o t be p o s i t iv e ly  id e n t i f ie d .  ho d i r e c t  
ev idence was o b ta in ed  f o r  th e  a s s o c ia t io n  o f  a super l a t t i c e  
arrangem ent b e in g  d i r e c t ly  re sp o n s ib le  f o r  th e  586° r e a c t io n .
Exam ination o f  the  param eter/com position  curve f o r  [J a t  
650°C and fo r  a l lo y s  quenched from 650°G show no d is c o n t in u i ty
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TAB 1-3 XX.II,
H lp fo  Temperature Parameter Data fo r  Cu-Sn A lloys.
Composition 
% w t.
Temperature
°C
BCC
Paramoter(kK) Reference
24,20$ 650°C S. 048 Isa \m ^  1937
25.24$ It 5.051 H
26.09$ « 5.054 «
32.63$ « 5.066 »t
24. 0% 700°C 5.018 Hama sum! and 
Morilcawa2  ^ 1937
26,0/? » 5.001 n
23.01? t l 5.027 »»
30 .0$ tl 5 .023 «
32.0$ W 5.058 »
54.5?? « 5.040 «
37 .0  i « 5.048 W
33. of; 5.047 II
26,0$ 550°C 3.018 »
which might In d icate a A A  change (P ig. 5 5 ) , nor did Hamasuml 
and MorikawaS7 ob ta in  any d isco n tin u ity  in  a high-tem peraturo  
a n a ly sis  o f  a l lo y s  a t  700°C (F ig. 5 5 ),
In  many ca ses  authors have noted that l in e s  due to  
or some tr a n s it io n  la t t i c e  were unavoidable In quenchsd 
a llo y s  ,1 9 ,4 6 ,5 4 ,6 1  an<i th is  may account fo r  the s c a t te r  in  
r e s u lts  shown in  Table XIIXX. This s c a t te r , and the fa c t  
th at the reported h igh  temperature parameters seem lower a t  
the h igher tem perature, make d e f in ite  con clusions very  
d i f f i c u l t .
(4) D ilatom etry in  the P A  Region.
Hama sum! and N ish ig o r l^  attempted a d ila tom etr ic  
in v e s t ig a t io n  in  the /i/V  region  but found only in con clu sive  
volume changes.
(5) I fe ta llo ^ ra p h lc  I n v e s t ig a t io n  o f  th e  ft/V Region*
The stru ctu res obtained by sev era l authors in  th is
region  are charted in  F ig . 56. I t  i s  apparent that 
stru ctu res Id e n tif ie d  as ( |5 ) have been obtained in  most
parts o f  the region  under d is c u s s io n , and that single*phase  
stru ctu res have been obtained by o th er authors in  the same 
areas.
Hamasum! and K ish igor i13 sta ted  th at Corson'and Isih ara  
used t r o o s t i t i e  m icrostructures to  id e n t ify  the { /3 }
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TA.BLS X X .I I I .
P aram eter Data fo r  Quenched Cfo-Sn A llo y s#
Com position 
% u t .
Quench
Temperature
Param eter
kX
R eference
22.38# 650°C 2.073 Shiro&a^B
24,48# 650°C 2,984 Isawa^
24,80# 750°C 2,972 Bash. and Upthegrove4®
24.80# 700°C 2.972 Westgren and
Phragmen54
24.80# 660°C 2,972 IsaIc lio^  and
Kur&Jumow®^
85,00# m- 2.9752 Isaiehew 6 4 *65
25,24# 650°C 2,985 Isawa®3
25.70# 650°C 2,981 Shiroda®8
26.09# 650°0 2,988 I s  aim®®
26.50# 640°C 2.964 Corson^®
26.50# 540°C 2,964 Corson-**®
23,00# «* 2.9851 Isalehew®4 a®5
*
f i e l d ,  and p o in te d  o u t t h a t  such s t r u c tu re s  cou ld  be la rg e ly  
avo ided  by u s in g  more d r a s t i c  quenching media such a s  m ercury 
and ic e d  b rine#  However, an  exam ination  o f  t h e i r  work seems 
to  In d ic a te  t h a t  th e  s t r u c tu r e s  used  by th en  to  lo c a te  t h e i r  
( |W ¥  ), f i e l d  a re  a ls o  la rg e ly  p a r t i a l l y  decomposed 
s t r u c t u r e s ,  the  d i f f e r e n t  appearances o f  the v a rio u s  
decomposed s t r u c tu r e s  be ing  due .to  th e  d i f f e r e n t  phases 
b e in g  I n h ib i te d ,  a n d . the  p re c is e  r a te  o f  co o lin g  o b ta in ed .
Isawa®5 has s ta te d  t h a t  |* can be re ta in e d  a t  £S%Sn b u t 
th a t  a t  h ig h e r  p ercen tag es  a sm a ll amount o f  J  n u c le i  can 
bo d e te c te d , and th a t  t r o o s t l t i c .  s t r u c tu re s  a re  q u ite  l ik e ly  
m ix tu res  o f  { ft + S’ ) .
V er5s® has s ta te d  th a t  a  ( / £ * ¥ )  s t r u c tu r e  s im ila r  to  
th a t  o b ta in ed  in  te rn a ry  Cu-Hl-3n a l lo y s  can o ccu r in  an  
a l lo y  o f  85fSn  Q595°£h
(D) S u b s id ia ry  Data from Ternary A llo y s .
(1) Therm al Ar r e s t s .
Hoyt5 observed  th a t  th e  a d d i t io n  o f  Zn caused an  
In c re a se  in  th e  h e a t e f f e c t  a t  th e  586° re a c t io n  compared to  
t h a t  o b ta in ed  a t  520°C. This e f f e c t  became more prom inent 
a t  h ig h e r  p e rcen tag es  o f  Zn and e v e n tu a lly  th e  upper h ea t 
e f f e c t  e n t i r e ly  re p laced  th e  lower# The tem pera tu re  o f  th e
586° r e a c t io n  was r a is e d  by a maximum o f  only  15 °C.
B ast and TTpthegrove4® and ¥©r644 b o th  showed th a t  w ith  
th e  a d d i t io n  o f  ITickel th e  586° re a c t io n  i s  r a is e d  m arkedly 
and a th re e -p h a se  f i e l d  (*t ♦ V ) i s  formed. Changes In  
th e  com position  and tem peratu re  o f  th e  re a c tio n s  a t  586° and 
755° a re  g iv e n  in  T ables XLI¥ and XL¥,
Rowland and TJpthegrove4® o b ta in ed  a  sm all b u t rep ro d u c ib le  
a r r e s t  In  a l lo y s  from 15*22$3n w ith  0,25$8© a t  tem pera tu res 
ran g in g  from 589° a t  15$Sn to  593° a t  22$3n. A t 0 .50$B@ 
o n ly  on© th e rm al a r r e s t  was o b ta in ed  f o r  b o th  th e  586° a r r e s t  
and th e  r e j e c t io n  o f  a n o th e r  phase 9. In  th e  f* f i e l d  no 
th em m l a r r e s t s  were o b ta in e d  fo r  e i t h e r  P~ V o r  th e  
r e je c t io n  o f  9. ' Ho th e rm al a r r e s t s  were o b ta in ed  f o r  th o se  
r e a c t io n s  a t  1.0$Be. F u r th e r  d e t a i l s  a re  g iv en  in  Table XLVI.
Verb4*? co u ld  n o t o b ta in  any d e f in i t e  a r r e s t  In  the  586° 
r e a c t io n  a re a  f o r  a l lo y s  c o n ta in in g  2$Mn annealed  I n i t i a l l y  
a t  700°C f o r  56 h rs  and coo led  a t  a r a t e  o f  10°/mn. The 
p ro g re ss iv e  changes in  th e  tem pera tu re  com position  and 
in te n s i t y  o f  a r r e s t s  a s s o c ia te d  w ith - th e  755° tra n s fo rm a tio n  
w ith  in c re a s e  in  Kn$ a re  g iven  in  Table XLV.
The second a r r e s t  in  th e  2$Mn a l lo y  gave o n ly  one q u a r te r  
o f  th e  h e a t e v o lu tio n  o b ta in ed  w ith  a b in a ry  28$ t i n  a l lo y ;  
w ith  a 4$!!n a l lo y  th e  second a r r e s t  was b a re ly  w ith in  th e  
l im i t s  o f  ex p erim en ta l accu racy .
Effect Of 3?:wn >iv#miKnt<* ’AiKtkm  gf •“•
t^ona 
S3,Sll
£6,0-30*3% 735*
S 7 , 0 * S 0 ,  .5 ? )m i9 0 &
) S llf tf it-
3 !3 ,8 -e9 ,S $  ly
140*
1*v’.Trs x w ,
nwijwaiWi fiijKlujfii t t i iu m i '
E f fe c t  o f  Mn on A rre s t  P a in ts  in  0ts~3si*
form ation
Composition Toraporature
A rrests
Hof orones
p + W  * 0'v 111! 73500 755°G {1} VexQ47
ft fr*Mt~«? •'• A.' .vl 1 28^3n 77100 747°G ft
ft m 753®C 75SPC (2) *’
ft 5<i m 23?53n 740°<J 7X7°C (3) "
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f  m m  fo vsm t  io n
X3utoetold P o in t0,00s
(2) M @ ta ll^ ra p h ie  Data*
The p resen ce  o f  an  s e l c u l a r  s t r u c tu r e  was tak en  as 
I n d ic a t io n  o f  th e  p resence  o f  |3 i n  te s m r y  Gu**3n-i-!n a l l o y s ^ ,  
and  u s in g  t h i s  c r i te r io n #  th e  phase was n o t do te c  te d  in  
any a l lo y s  c o n ta in in g  An a d d i t io n a l  means o f
M o n ti f l o a t  io n  was ma&e by u se  o f  an  araoionim p e rsu lp lm te  e tc h  
w hich in  b in a ry  a l lo y s  e tc h e s  o t In  { « c  +  J i  )  a l lo y s  and I f  In  
JO a l lo y s .  W ith h ig h e r  m  c o n te n ts ,  an  (x) c o n s t i tu e n t  
ap p ears  i n  th e  m ic ro s tru c tu re  % in c ip ie n t  decom position i s  
n o tic e a b le  in  t h e  v i c in i t y  o f  t h i s  c o n s t i tu e n t  I n  many 
pbo to n ic  ro g ra  p te  ♦
The a e lc u l a r  s t r u c tu r e  a ls o  d isa p p ea rs  in  th e  h ig h e r  
B lck e l Ou~Sn~Bi a l lo y s .  Bash and tfpthegrove4® s ta te  th a t  
V s e p a ra te s  in. p. a s  n flow ered11 p a t te r n  w ith in  th e  g ra in s  
and a t  th e  b o u n d a rie s . oC p r e c ip i ta te s  a t  th e  boundaries 
o f  Y b u t n o t a t  th e  Ju n c tio n  o f  boundaries o f  p  and V , and 
t h i s  was com  id s  red  to  in d ic a te  t h a t  the  t r a m  fo rm ation  a t  
586° was s tep p ed  in  na tu re*  th e  / j - r  change o c c u rr in g  p r io r  
to  th e  p r e c ip i t a t io n  o f  oC *
D iffe re n c e s  were no ted  in  ttm appo&mnoe o f  th e  {ot + $ } 
e u te c to id  w ith  th e  p resence o r  absence o f  p ro e u te e to id  ec ,
I f  th e  l a t t e r  was p re se n t a la rg e  amount of. s e g re g a tio n  o r  
d ivorcem ent o c c u rre d « w h ile  la m e lla r  s t ru c tu re s  were observed  
a t  com positions n e a re r  th e  eu tec to id *  Tm  p resence o f
142 ,
a n o th e r  phase 9 was no ted  a lre a d y  a t  111, and th i s  
r e a c t io n  was supposed to  be conm ctecl w ith  th e  680° t r a n s ­
fo rm atio n .
Ho a o ic u la r  s t r u c tu r e s  were observed b y ' Howland and 
U pthsgrovo in  Ou^Sn-Be a l l o y s ^  m e n  a t  0*£5$Be {whlcli i s ,  
however ~  2 a t  $)* flie  Y phase was id e n t i f ie d  in  t h i s  
work by th e  p resence  o f  s s ia ll  sp o ts  o f  b in e  dec D isposition 
produet*  and ( fl *Y ) s t r u c tu r e s  by m ix tu res o f  such a re a s  
and isMoeompoaed { f*) * th e s e  a re a s  having  no g ra in  boundary 
o f  th e  c o n v e n tio n a l typo s e p a ra t in g  them (of* Fig* 36}*
fh o  prosono# o f  a, f u r th e r  phase was a g a in  a s s o c ia te d  
w ith  the 580° a r r e s t .
I n  a l lo y s  o f  Gu-Sn^F and Cu-Sn-Fb no changes wore no ted
in  t h e  g e n e ra l  m o ta llo g rap h io  behav iou r o f  o r  Y,
o b se rv a tio n  b e in g  however ron&srod d i f f i c u l t  by th o  masking 
e f f e c t  o f  many f in e  p a r t i c l e s  o f  CugF o r  Fb g lo b u le s4^*^'5# 
R eac tio n  bands were observed  In  qiieneliad ( ^ ) a l lo y s
c o n ta in in g
lio d e f in i t e  ev idence lias y e t been o b ta in ed  reg ard in g  th e  
e f f e c t  o f  Aluminium on fcho 606° r e a c t io n . I t  a p p e a rs , however, 
th a t  th e  a d d i t io n  o f  a l m i n i m  r a ts e a  th e  ^ *■» e u te c to id
tem p era tu re  and t h a t  d e f in i t e  ( f t *  Jf) s t r u c tu r e s  e x i s t  in  
th e  te rn a ry  a l lo y s ,  th e  { ( i * Y )  f i e l d  w idening ra p id ly  w ith  
in c re a s in g  a lm d n ta i  c o n te n t.
143.
On quenching { P +  V) a l lo y s ,  the  (I e x h ib its  an  a c ic u la r  
s t r u c tu r e  w h ile  decomposes in  a t r o o s t i t i c  m anner^*
A summary o f  th e  e f f e c t s  o f  a l lo y in g  elem ents i s  g iven  
in  Table XZVXX,
1 o f  th e  U ature o f  th e
gaaii ti»,'>iiiiiiPW'n iirt.ii— 11/ i n n ,  inr*wm»-.»nt*i ’nw,«jja» >—uii'..n mi w juf'i 111
o n .
A c a r e f u l  rev iew  o f  th e  ex p erim en ta l evidence p re se n ted  
in  the fo reg o in g  S ec tio n s  le a d s  to  th e  fo llow ing  co n c lu s io n : 
th a t  th e  fl -  X r e a c t io n  i s  due to  a m inor seco n d -o rd er 
in t e r n a l  rearrangem ent in  th e  ft phase , and th a t  th e re  i s  no 
p ro o f a v a i la b le  a s  to  th e  e x is te n c e  o f  a tw o-phase ( f i * Y )  
re g io n  in  b in a ry  c o p p e r - t in  a llo y s*
(1) Evidence in  Favour o f  a  Second-O rder 
Reaction* ■ ■
(a) High te rap era tu re-X -ray  experim ents re v e a l ex trem ely  
s l i g h t  s h i f t s  in  m inor l i n e s ,  tiie  l a t t i c e  param eter 
showing no d isco n tin u o u s changes w ith  in c re a s in g  
t i n - c o n t e n t ;
(b) Thermal methods c o n s is te n t ly  f a i l  to  r e v e a l more 
th a n  one a r r e s t  in  th e  reg io n  where a { ft + X ) f i e l d
has been  p o stu la ted *
(c) E l e c t r i c a l  r e s is ta n c e  changes e x h ib it  c h a r a c te r i s t i c
b eh av io u r a s s o c ia te d  w ith  seco n d -o rd er changes,
in A ppraisa
Element; 536° A rre s t 7 5 5 0  A rre s t 520° A rre s t
Mn Lowered
R apid ly
in te n s i ty  
d ec reases  
Mo a r r e s t
. a t  5% m
R aised ; 
in te r s e c t s  
586 a r r e s t
Hi R aised
ra p id ly
Mo ex ten s iv e  
change
Mo ex te n s iv e  
change
Zn R aised
s l i g h t ly
m R aised  g ra d u a lly  
I n te r s e c ts  586 
a r r e s t
Be R aised
g r a d u a l ly .
Mo ex ten s iv e  
change
R aised g ra d u a lly
A! ~ - R aised  g ra d u a lly
Fb Mo e f f e c t ! .vs changes
P Ho e ffe c t" .vs changes
. -a re 'te m p e ra tu re 'a n d  no t tim e dependent, and a re  
m arkedly dependent on th e  r a te  o f  h e a tin g  and 
cooling*
■(d) <|* + Y ) s t r u c tu r e s  have on ly  been p o s i t iv e ly
id e n t i f i e d  in  te rn a ry  a l lo y s ;  in  such  s t r i c t u r e s  
th e  o r ie n ta t io n s  o f  P and Y a re  cubic a l l y  i d e n t i c a l ,  
and th e  boundaries observed between th e  two phases 
v e ry  ir re g u la r*
(e) Sm all a d d it io n s  o f  Manganese cause p ro g re ss iv e  
m erging o f  th e  two phases u n t i l  a t  no a r r e s t s
a s s o c ia te d  w ith  th e  536° o r  755° re a c tio n s  can
be observed*
(f)  Trans fo  m a t  io n  o f  Gu-Hi-Sn a l lo y s  (24/lITi) in d ic a te s  
t h a t  th e  decom position  c h a r a c te r i s t i c s  o f  b o th  
phases a re  a lm ost I d e n t ic a l  b a r  a d if fe re n c e  In  
k in e t ic s  w ith  th e  X in h e re n tly  more u n s ta b le .
(2) Evidence In  Favour o f  a tw o-phase 
( ft + Y ) HeHion .------------------------------
(a) D ire c t o b se rv a tio n  o f  <( *♦¥)
s t r u c tu r e s  in  b in a ry  a llo y s*
(b) D ire c t o b se rv a tio n  o f  ( P + Y) 
s t r u c tu r e s  in  te rn a ry  a lloys*
(c) C o n f im a tio n  o f  a e u te c to ld  
r e a c t io n  a t  S86s«
Mfneroas I t  i s  d i f f i c u l t  to  exp la in  the p o in ts l i s t e d  
in  favour o f  a ©eoond«*orc!er rea ctio n  by any o th er  typo- o f  
demotion* to o  ev idence  i n  fav o u r o f  a  trao^ph&ao ( |S*Y 5 
region  i s  very scanty* Gut o f  th e  many ta s ir e d s  o f  photo* 
sicrogm plia  j% ibllatoi in  the course o f  irivosb igations on 
tb s eeppor^fcln. sysboto on ly  pne*** can to  considered as a 
p o ss ib le  duplex { fl * T ) otraet&re* and not a paeudo^abmebure 
osrased by decom position on quenching* in  the l ig h t  of the  
present- IsotocmsaX researches ( s e c t io n  V -  b) ( ° c t  V ) ou tocto ld  
structures -observed by ifa ro^  and Bauer ansi Vollonbmck^ # ^  
have been abora to  bo &pmdmm eubootoids*
Even the v a lid  observation  o f  { [J* V 5 stru ctu res in  
ternary a l lo y s  (which 1ms toon c o n f ir m !  In tto  present 
peso arch) i s  m t  a d e f in ite  in d ica tio n  o f  tim  prosecco o f  
suoli s t r u c t u r e  in  bto M m fy  alloy* Although aono fea tu res  
o f  b inary cystoma can. to  tm m  eotw oniontly In vestiga ted  by 
too a d d it io n  o f  a ternary o X ca en b ^ h lB l ttoro  remains always 
too p o s s ib i l i t y  th a t tho duplex atvmzturoa In th e  ternary  
a llo y s  are due to  a p a r t it io n  o f  bto ternary clement* and 
bto presence o f  an extra  degree o f  freedom*
I t  I s  on ly  a e ta llo g m p h ic  evidence which can uptoM  tho 
ftypotiiaa lo  o f  a  d u p io s ( P>X)  f i e l d  I s  b in a ry  a l lo y s  * and 11’ 
sp u r io u s  s t r u c t u r e s  are  e llm io a to & f i n  the l i g h t  o f  t b s  p r e se n t  
research* no o th er con clu sive  evidence remains.
(3) On th e  M ature o f  th e  Second-order R eaction  
P o s tu la te d  f o r  th e  ft ~ Y R eaction ,  .
I t  i s  u n l ik e ly  th a t  th e  r e a c t io n  Involved i s  a s t r a i g h t ­
forw ard .o rd e r-d is o rd e r  r e a c t io n ,  s in c e  th e  r a t i o  o f  t i n  to  
copper atoms i s  approx im ately  1:6* Some degree o f  sh o r t 
range o rd e r  can n o t however be ru le d  out* An type
change as p o s tu la te d  by HtoasuRii I s  n o t .p e rm iss ib le  in  view 
o f  the  a s s o c ia t io n  o f  Ag. changes w ith  m agnetic boimviour*
I t  has been su g g ested  r e c e n t ly  th a t  c lu s te r in g  o f  atoms 
occu rs In  th e  p T i-C r. phased® * This type  o f  change i s  
o f  course  a ls o  a seco n d -o rd e r e f f e c t ,  and i s  a d i s t i n c t  
p o s s i b i l i t y  s in c e  th e  r a t i o  o f  atoms concerned need no t be 
as r e s t r i c t e d  a s  fo r  o rd e r in g . I t  i s  p o ss ib ly  o f  tlie 
g r e a te s t  s ig n if ic a n c e  t h a t  th e re  Is  found In  th e  T i-C r
« /  flL 1 6 3system  a m arked. change o f  d i r e c t io n  in  th e  p /  cC+ fb boundary ,
e n t i r e ly  analogous to  th e  change observed in  th e  c o p p e r - t in  
system*
I t  shou ld  perhaps be s a id  th a t  i t  i s  by no m o a n s 'c e r ta in  
th a t  a two -  phas e . reg io n  i s  ab sen t in  seco n d -o rd e r r e a c t io n s .  
O r l a n l ^ 3 lias s t a te d  th a t  no unambiguous evidence e x i s t s  
which proves th e  occurrence o f  such tw o-phase re g io n s , w h ile  
Hewkirk1^9 Is  convinced th a t  such a tw o-phase re g io n  can
be dem onstrated  in  Co-Ft a llo y s*
The Cu-Zn o rd e r -d is o rd e r  r e a c t io n  dem onstrates a p p re c ia b le
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o rd e r in g  e f f e c t s ^ 5 b u t p re c is io n  methods have f a i l e d  to  
re v e a l any t r a c e  o f  a tw o-phase reg ion**^ . I t  i s  o f  co u rse  
w e ll  known th a t  th e  charac t o r i  s t i e s  o f  o rd e rin g  vary  ap p re ­
c ia b ly  w ith  the r a t i o  o f  atoms in v o lv e d ^ ^ . I f  th e  ' 
h y p o th e s is  o f  a seco n d -o rd e r r e a c t io n  i s  accep ted  i t  i s  
n ecessa ry  to  p o s tu la te  a s l i g h t l y  m ended fo ra  o f  th e  copper- 
t l n  d iagram . The p re c is e  fo ra  would depend on the e x is te n c e  
o r  o th e rw ise  o f  a  ( ft+X } f i e l d .  S ince f u r th e r  evidence 
i s  lack ing ,.on  t h i s  p o in t ,  b o th  forms o f  diagram  a re  shown 
In  Fig* 54n and F ig . -,54o* I t  i s  su g g ested  th a t  t h i s  - 
diagram  can  be co n s id e red  as  a m odified  com bination o f  the  
diagram s proposed by Kamasumi^9 (F ig . 54h) and Bauer and 
F o lle n b ru c k l3 {Fig* 54d) • The f e a tu re  which d is t in g u is h e s
OQ
th e  diagram  from Ham&suml* s re v ise d  version*" (F ig . 54 1) i s
f
th e  in t e r p r e t a t i o n  o f  th e  755° a r r e s t  a s  an in te r s e c t io n  o f  
a  seco n d -o rd e r r e a c t io n  w ith  th e  so lid u s  r a th e r  than  as a 
p o r i t e c t i c  r e a c t io n .
A lthough t h i s  would appear to  be a p o in t which could  
be e a s i ly  checked e x p e rim e n ta lly , I t  i s  in  f a c t  alm ost 
im possib le  to  d i s t in g u is h  between th e  two a l t e r n a t iv e s .  The 
on ly  d if fe re n c e  would l i e  in  tho re la tlv ©  m agnitude o f  th e  
h e a t e f f e c t s  observed  w ith  in c re a s in g  t i n  c o n te n t, and oven 
th i s  would n o t be co n c lu siv e  i f  th e  p o r i t e c t i c  p o in t were 
n e a r  th e  so lid u s*
W hile th e  p re c is e  n a tu re  o f  th e  r e a c t io n  cannot be 
a s c e r ta in e d ,  i t  shou ld  be p o in ted  ou t th a t  many d i f f e r e n t
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ty p es  o f  e q u ilib r iu m  tra n s fo a a ia iio n  a re  now b e in g  reco g n ised . 
S e v e ra l o f  th e se  have as  y e t  on ly  been observed in  non- 
m e ta l l ic  sy stem s, b u t th e re  i s  no reason  to  suppose th a t  
thoy  w i l l  n o t a ls o  bo e v e n tu a lly  d e te c te d  in  m e ta l l ic  systems*
SBCTXQli V I I X .
m  v m  CHA.M.0TBRISTXC3, m w m  AND ORIGIN OF 
: StTB-BQTODARY BTRUOTfKBS QC&tRRING III CU-SN ALLOYS »
■ : ' 1
F req u en t m ention  lias been made o f  sub-boundary s t r u c t u r e s ,1 
w hich seem to  o ccu r w ith  s u i ta b le  h ea t* trea tm en t in  most 
/i Cu-Sn a llo y s*  These sub-boundary s t r u c tu re s  have been 
n o ted  as b e in g  v i s i b l e  i n  th e  m icroscop ic exam ination  o f  
end- quenched specim ens, and t h e i r  occurrence 1ms a ls o  been
e s ta b l i s h e d  a s  b e in g  due to  a  r e a c t io n  talcing p lace  In  a  j
!
l im ite d  tem p era tu re  range du rin g  Iso th erm al tra n s fo rm a tio n  
( in  th e  25 Sn a l l o y ) *
I t  has th e re fo re  been p o s tu la te d  th a t  in  Cu-Sn a l lo y s  
th e  appearance o f  a w ell-d ev e lo p ed  sub-boundary s t r u c tu re  
i s  dependent on th e  r e l a t iv e  k in e t ic s  o f  th e  r e a c tio n s  
le a d in g  to  sub-boundary fo rm a tio n , and co m p etitiv e  p ro cesses  
such a s  low tem p era tu re  p r e c ip i ta t io n  and the  m artens i t  o 
tra n s fo rm a tio n  (S e c t io n ? )*
T his h y p o th e s is  i s  independent o f  th e  p re c is e  n a tu re  o f  
sub-boundary fo rm ation  and r e s t s  s o le ly  on observed fac ts*
In  o rd e r  to  e s t a b l i s h  th e  n a tu re  and o r ig in  o f  sub -boundaries 
i t  i s  th e re fo re  n ecessa ry  to  examine c a re fu l ly  a l l  a v a i la b le
c h a r a c te r i s t i c s  o f  sub-boundary phenomena.
..(A) C h a ra c te r i s t ic s  o f  Sub-bound a r ie s
O btained in  Cu^Sn'AXIoysT^ ^  . . .
(1) S p a t ia l  C h a r a c te r i s t ic s . ■ ■.
(a) V a r ia t io n  o f  S ize  w ith -C om position :
Table XLVIII shows th a t  th e re  e x i s t s  a wide 
v a r ia t io n ,  i n  s ia e  o f  th e  c e l l s  o u tl in e d  by sub- 
b o u n d a rie s . I t  would ap p ear th a t  a l lo y s  which 
show a m artens I  t i c  s t r u c tu r e  on f u l l  w a te r quenching 
g ive  r i s e  to  sm all c e l l s ,  w h ile  an in c re a se  in  t i n  
c o n te n t causes an In c re a se  in  c e l l  dim ensions.
' ^  S ize  D is t r ib u t io n ; ■ '
The c e l l - s i s e  i s  n o t un ifo rm , b u t a d e f in i t e  
mean dim ension can be a t ta in e d  by ta k in g  a s u f f i c ie n t ly  
la rg o  sam ple. ' The moan square d e v ia tio n  I s  s im ila r  
f o r  d i f f e r e n t  a l lo y s .  Harked d if fe re n c e s  can occur 
from g ra in  to  g ra in . ■
(c) S ize  Dependence on P aren t G ra ln - s iz e :
*  C^i—.  ■ .mi>.>■,! ,n .i ,i r .n * i n^n’—icnuw—wwawpiiw w t  ’W  ^ iit.iwn w
H eferonce to  Table XLV1II shows th a t  f o r  th e  25% 
a l lo y  th e re  I s  no s ig n i f i c a n t  d if fe re n c e  In  c e l l -  
dim onsions observed on co n tin u o u sly  co o lin g  b a rs  o f
V a r ia t io n
GftKWKill {•
o f  Sub-lbotmdary‘     — -■*-
t i e s '
vr 1 t hDime
i~&zzeMew*
A llo y S eat Treatment G ra in  S izoj* C e ll  Z izy* .
25/0 End-quenched 700® SOO** 750 70-95
It Bnd-quoncbsd 700° s in g le  C ry s ta l 00-80ti­ End-quenoho<i 750® ‘ 750-1500 60—05
f f Q.700 t o  2 0 0 °s 10 sec 1000—5000 80-100It a . 700 to  106®! 60 BOO ‘ 1000-5000 30-551* Q.700 to  157®! 10 soo $000-5000 90-125
It Q.700 t o  157®s 80 sec 2000-5000 40-45
If a . 700 to  140®!100 300 1000-2000 75*05M Q.700 to  140°l360 soc 1000-2000 60-70
It Q.700 to  140°i 720 3 0 0 1000-2000 25-30tt Q.700 to  120°*680 SOC 2000-3000 70-300VI Q.700 to  120°5000 see 2000-3000 50-00IV Q.700 to  120® 11800soe 2000-5000 45—70
G-10 Endnjuonchod 700° 1000-1500 15-25
t i End»quenche3 630° 15GO—2500 17-20« Q.700 to  220®t IS sec 1O0O-3OOO 10—14
VI Q.700 to  210®: 10 sac 1000-5000 17-40l» Q.700 to  SOO®: 20 sec 1000-3000 12-15
VI Q.700 to  190®! 20 sec 1000-5000' 20-100
27/0 Ria-quenetocd. TOO® 730-1500 100-300
E4/3KB End-queneiiocl 5B5® 500-1000 75-135
8 3 /p n End-quencte<l 700° 500-1000 23-50
* An m e m g e  o f  100 c o l l s  tr a v e rs e d  in  s e r ie s  o f  20 in  
random d i r e c t io n s ,  F ig aro s  in d ic a te  range o f  v a lu es  
f o r  s e r ie s *  ex cep t f o r  c e l l s  > 100,/*  9 td iera t m  u p p er 
f ig u re  g iv e s  t t o  weximm  dim ension observed.
d i f f e r e n t  g ra in - s is e s *  In  the  ease  o f  {<*+[*) o r  
(<* + S ') a l lo y s  th e re  i s  a d e f in i t e  c o r r e la t io n  betw een 
c e l l - s i z e  and th e  d is ta n c e  between a d ja c e n t . 0 4  p a r t ic le s *  
There ap p ears  to  be no l im i t  to  th e  p ro g re ss iv e  
d im in u tio n  o f  c e l l  s t r u c tu r e s  observed as th e  i n t e r ­
p a r t i c l e  d is ta n c e  i s  reduced*
(d) .V a r ia t io n  o f  S hape:
Many shapes a re  en co u n te red , in  n o ta b le  c o n tra s t  
to  th e  shape o f  th e  main g m  in-boundaries#  G reat 
v a r ie ty  e x i s t s  in  th e  number o f  s id e s  to  a c e l l ,  and 
th e  an g le s  made a t  th e  ju n c tio n  o f  v a rio u s  c e lls*  (F ig*57) 
A p a r t i c u l a r l y 5 s t r ik in g  phenomenon i s  th e  fre q u en t 
o ccu rren ce  o f  sub-boundaries e x h ib it in g  s e r r a t io n s  o f  
g r e a t  geom etric  re g u la r ity *  (F ig *53)
(e ) V a r ia t io n  o f  O rie n ta tio n  between C e l l s :
E tch in g  c h a ra e te x d a t ic s , hardness m easurem ents,
X -ray ev id en ce , and p a r t i c u la r ly  evidence rev ea led  by 
e t c h - p i t  tech n iq u es  (Fig* 59) in d ic a te  t h a t  the  
o r i e n ta t io n  d if fe re n c e  botwoon the  m a jo rity  o f  a d ja c e n t 
c e l l s  i s  ex trem ely  sm a ll, p robably  o f  the  o rd e r  o f  
m inu tes o f  a rc . T his ag rees  w ith  the  d iv e r s i ty  o f  
shapes observed  and th e  n e g l ig ib le  e f f e c t  o f  most sub­
b o undaries on th e  o r ie n ta t io n  o f  m a in -g ra in  boundaries
• . »  i .  •.-'•ii t : -  ;-
F ig . 59 X 500 *’ie# °°  A 5o°
9„ , 1  Quenched, 24/fN . Quenched from
tem pered , and e l e c t r o -  58Q°C. a + 3 + c e l l s
p o lis h e d  & e tch ed .
F ig . 57 X 300
25 /0 . Iso th e rm a l1y 
T ransform ed a t  157 C 
f o r  20 s e c s .
F ig .
2 7 /0 .
58 X 300
Quenched from 
700°C.
a t  ju n c tio n s  o f  th e  tx> types o f  b o u n d aries .
There i s  o c c a s io n a lly  some in te r a c t io n  a t  ju n c tio n s  
o f  sub -b o u n d aries and g ra in -b o u n d a rie s , so t h a t ,  a s  
m ight, bo ex p ec ted , th e re  i s  probably  a range o f  
o r ie n ta t io n s  In  any g iven  sam ple.
( f) O r ie n ta t io n  o f  Sub-boundarloa;
A m ajor c h a r a c te r i s t i c - o f  th e  sub-boundaries 
o b se rv e d . In . the. p r e s e n t 'in v e s t ig a t io n  i s  t h a t  in  some 
specimens,- p a r t i c u la r ly  th o se  annealed  in  th e  ( o i +Y)  
re g io n , th e re  i s  a marked p re fe r re d  o r ie n ta t io n  o f  th e  
su b -b o u n d aries  (F ig . 43) .  There i s  some ev idence , 
from specim ens t r e a te d  by th e  e tc h - p i t  tech n iq u e  (F ig .5 8 ) , 
th a t  t h i s  o r ie n ta t io n  i s  a s s o c ia te d  w ith  (110)p •
). Kine t i c  0harac  te  r i  s 11c s »
(a) Hate o f  For r m t i o n t
The r a t e  o f  fo rm atio n  o f  v i s i b l e  sub-boundaries 
v a r ie s  w ith  com position , as in d ic a te d  in  Table XLVIII.
These r a te s  a re  f a s t  f o r  a l l  a llo y s , and in  some 
c a s e s ,  n o ta b ly  in  a l lo y s  w ith  a h igh  t i n  c o n te n t,  sub­
b o u n d aries a re  observed even on quenching d i r e c t ly  in to  
ic ed  b r in e .
The com plete development o f  sub-boundaries i s
impeded In  th o se  ca ses  where p r e c ip i ta t io n  i s  r a p id ,  and 
e s p e c ia l ly  whore p r e c ip i ta t io n  i s  I n i t i a t e d  a t  f a s t e r  
r a te s  o f  c o o lin g  th a n  su b -b o u n d aries . Two cases  may 
be d is t in g u is h e d s  f i r s t ,  where p r e c ip i ta t io n  i s  
i n i t i a t e d  a t  tho  main g ra in -b o u n d a rie s , and second ly , 
where p r e c ip i t a t io n  i s  continuous*
In  th e  form er ca se  th e  development o f  sub -boundaries 
i n  th e  body o f  the  g ra in s  Is  on ly  p a r t i a l l y  impeded, and 
su b -b o u n d aries  can be observed  a f t e r  p r e c ip i ta t io n  has 
a lre a d y  advanced a t  th e  main b o u n d arie s . E v en tu a lly  
p r e c i p i t a t io n  t r a n s f e r s  to  sub-boundaries (F ig . 17).
In  th e  ca se  o f  con tinuous p r e c ip i t a t io n ,  i n t e r ­
fe re n c e  ra y  bo more s e v e re , and no sub-boundaries 
developed .
The r a t e  o f  fo rm ation  can v ary  markedly from g ra in  
to  g r a in .
(b) V a r ia t io n  o f  C e ll  S ize  w ith  Time:
Iso th e rm a l s tu d ie s  show th a t  th e  c e l l  dim ensions 
d ec rease  w ith  in c re a s in g  tim e a t  tem pera tu re  (Table XLVIII) 
T his p ro cess  may be stopped by th e  o n se t o f  p r e c ip i ta t io n .  
The v a r ia t io n s  o b ta in ed  d u rin g  continuous co o lin g  a re  
sm a ll, s in c e  very  lim ite d  tim e-tem pera tu re  com binations 
a re  a v a i la b le  b e fo re  p r e c ip i ta t io n  i s  encoun tered .
(3 ) K is c e lla n c o t is  C liaracterd s t  i c  3 .
(a) I n te r a c t io n  o f  Smb-hotmdaries 
and M a rte n s ite  g
The I n te r a c t io n  appears to  in c re a se  w ith  tim e 
d u rin g  iso th e rm a l experim ents* V isu a lly  th i s  i s  in d ic a te d  
by th e  r e s is ta n c e  o f fe re d  to  th e  p ro g re ss  o f  m artens i t  e 
p la te s  a c ro s s - th e  g r a in .  .
(b) I n te r a c t io n  o f  Sub-boundaries 
w ith  oC -  fi B oundaries 5 • .mv* <wiiiiin>i ii i»imwfii'ini)np|i)Mi.i.litfi7i bwmwh.m»w i —mi1—■«»i
• h n o tic e a b le  f e a tu re  o f  some o f  th e  a l lo y s  
c o n ta in in g  ©C i s  th e  marked change In  d i r e c t io n  observed a t  
m ain o l-  P  b o u n d arie s  a t  'p o in ts  o f  in te r s e c t io n  w ith  sub- 
boundaries • T his seems a s s o c ia te d  w ith  g r e a te r  r e g u la r i ty  
in  th e  shape o f  th e  sub -boundaries (Fig* 60)*
The e f f e c t  does n o t seem to  bo p re se n t a t  tho tim e 
o f  fo rm a tio n  o f  p a r t i c l e s  (F ig . 14) when sub-boundaries 
a re  i r r e g u la r  and cause l i t t l e  d is tu rb a n ce  a t  main b o u n d a rie s . 
S ince th e  h o ld in g  tim e in  the form er case was len g th y  I t  
seems p la u s ib le  to  c o n s id e r  th e  p o s s ib i l i t y  o f  a  re a rra n g e ­
ment o f  in te r f a c e s  g iv en  s u f f i c ie n t  tim e, T his would imply 
th a t  th e  p r e c ip i t a t io n  o f  <* p a r t i c le s  can  produce sub-boundary 
fo rm atio n  in  th e  o£ * j^> reg io n .
.(B) P rev ious E xperim ental O bservation  o f
Siib-boimda r i  es in  CxifFsii A lloya'I ■
A lthough p rev io u s  in v e s t ig a t io n s  in to  th e  Cu-Sn system  
have been p redom inantly  d e te rm in a tio n s  o f  the  e q u ilib r iu m  
diagram , many specim ens have , o f  n e c e s s i ty ,  been quenched 
from th e  P re g io n  in  th e  course  o f  m etallograp ix ic  methods 
o f  e s ta b l i s h in g  phase b o u n d arie s . A review  o f  p u b lish ed  
m icrographs (F ig . 56) shows fre q u en t evidence o f  sub-boundary 
stx m ctu res hav ing  been Q h ta iried^ j^#® *^*^> ^**^j*^ .?3 .7 ,13 ,19 , 
<o3,61,62,82,162# However obvious th e se  s t r u c tu re s  may ap p ear 
a t  p re s e n t ,  i t  i s  a n o ta b le  f a c t  th a t  the  m a jo rity  o f  th e  
re s e a rc h e rs  d id  n o t even r e f e r  to  them* Heyeock and 
H e v il le 2 in  th e  e a r l i e s t  reco rded  exam ination  o f  Cu-Sn a l lo y s  
n o tic e d  su b -b o u n d a rie s , b u t co n s id ered  th a t  th ey  were cracks# 
I s ih a r a ^ 2 observed  t h a t  th e  Y phase when e tch ed  deep ly  
e x h ib i ts  a  po lygonal s t r u c tu r e  v ery  u n lik e  th e  a c lc u la r  
s t r u c tu r e  o f  P * ♦
I ia n se n ^  observed  th e  occurrence o f  sub-boundaries in  
a l lo y s  quenched from th e  o(+ V re g io n , and considered  th a t  
breakdown o f  th e  Y in  t h i s  manner might be evidence f o r  th e  
polym orphic n a tu re  o f  th e  ji-  if change a t  586°. A lte rn a tiv e  
e x p lan a tio n s  o f  r e c r y s t a l l i s a t i o n  and c rack in g  were a ls o  
suggested*
H o rth co tt* ^ 2 co n s id ered  th a t  the  occurrence o f
su b -boundaries co u ld  be tra c e d  to  th e  pros once o f  oxygen, 
w h ile  Xsaichov and h is  c o l la b o r a to r s ^ * ^ 2 concluded th a t  
th e  su b -b o u n d aries  were a s s o c ia te d  w ith  a change In  X -ray 
d i f f r a c t i o n  p a t te r n  observed on tam pering ^ a t  low 
tem peratures#
(C) Ana l y s i s o f  th e  fla tu re  and, O rig in  o f  
■ bno-bounaary S tru c tu re s  .in  Cu-Sn A llo y s .
. . Sub-botm dary phenomena have long been observed  in  most 
a l l o y s , and c l a s s i f i e d  In to  a s e r ie s  o f  s t r u c tu r e s  m ainly  
on th e  b a s is  o f  th e  o r ie n ta t io n  d if fe re n c e s  c re a te d  by th e  
sub-boundary coneernod^-^* More re c e n tly  the  th eo ry  
o f  d is lo c a t io n s  a p p lie d  to -su b -b o u n d aries  lias le d  to  th e  
concept o f  P o ly g o n lsa tio n ^ 59> 161 and an e x c e lle n t  review
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o f  a l l  sub-boundary phenomena has b e e n . p re se n ted  by G u in ie r  * 
The work o f  IT orthcott which a ttem p ted  to  e x p la in  th e  
occu rrence  o f  su b -b o u n d aries  as being  due to  oxygen p ick -u p  
can be s a id  to  em phasise th e  wide occurrence o f  sub­
boundaries , b u t i t  i s  gone r a l l y  co n sid ered  th a t  w hile oxygen 
may emphaise sub-boundary phenomena, i t  i s  no t th e  cause o f  
t h e i r  fo m ation^® 0
Many o f  th e  p ro p e r t ie s  e x h ib ite d  by th e  sub -boundaries 
observed  in  the  p re sen t work a re  c h a r a c te r i s t ic  o f  a 
po lygon lsed  s t r u c tu r e ,  n o ta b ly ;
(1) P re fe r re d  O rien ta  t  io n  o f  sub-boundaries ;
(2) O r ie n ta t io n  r e la te d  to  th® s l i p - p la n e s ;
(5) Sm all a n g u la r  d if fe re n c e s  between a d ja c e n t 
c e l l s  5
(4) S e r ra te d  n a tu re  o f  come o f  th e  b o u n d aries;
(5) V a r ia t io n s  in  in te n s i ty  a re  o b ta in ed  from
g ra in  to  grain*
In  a d d i t io n  tho change in  c e l l  dim ensions w ith  compo­
s i t i o n  can be a t t r i b u t e d  to  d i f f e r e n t  degrees o f  in te r n a l  
s t r e s s .  Changes in  c e l l  dim ensions and o r ie n ta t io n  
d if fe re n c e s  w ith  tim e a re  a ls o  com patib le w ith  a polygon* 
i s a t l o n  p ro c e ss .
There i s  some c o rro b o ra tiv e  evidence from o th e r  a l lo y  
systems* Bitme-Rothery and h is  c o l la b o ra to r s  have observed 
p o ly g o n is a tio n  a s  a  r e s u l t  o f  th e  p r e c ip i ta t io n  o f from 
a  quenched b r a s s ^ 5 . Work a t  th e  U n iv e rs ity  o f  lo u v a in ^ ^  
on tho  iso th e rm a l tra n s fo rm a tio n  o f  Cu-Be a l lo y s  in d ic a te s  
p r e c is e ly  s im i la r  phenomena o cc u rr in g  in  th i s  r e la te d  system* 
Work on T itanium  a llo y s  by K o sto k e r* ^  a lso  in d ic a te s  
polygon! s a t  io n  phenomena*
W hile th e  s p a t i a l  c h a r a c te r i s t i c s  o f  th e  observed  sub- 
b oundaries overw helm ingly support a p o ly g o n isa tio n  o r ig in ,  
th e  k in e t ic  c h a r a c te r i s t i c s  pose problems as to  the  p re c is e  
tim e and tem peim ture o f  o r ig in  o f  such  a  p o ly g o n isa tlo n  p ro cess .
C o n s id e ra tio n  o f  tho  r a te s  o f  co o lin g  a t  which sub- 
b o u n d arie s  a p p e a r , and th e  low tem p era tu res a t  which they  
o ccu r iso  th e rm a lly  i n  25$Sn and C-10 a l lo y s ,  would n e c e s s i ta te  
a  rat©  o f  p o ly g o n isa tio n  much fa s  to r  than  those  g e n e ra lly  
accep ted  f o r  tho p ro cess . I t  has th e re fo re  been  s u g p e s te d ^ ^  
th a t  o b se rv a tio n  o f  sub-boundaries a t  low tem pera tu res o r  on 
ra p id  co o lin g  i s  n o t an  in d ic a t io n  o f  p o ly g o n isa tio n  in  s i t u ,  
b u t th a t  th e  po lygonised  network e x is te d  a t  the  ho ld in g  
te m p e ra tu re , and i s  rev ea led  by s e le c t iv e  p r e c ip i ta t io n .
T his h y p o th e s is  a llow s p o ly g o n isa tio n  to  o ccu r a t  norm al 
r a t e s ,  and acco u n ts f o r  th e  r a p id i ty  o f  th e  appearance o f  
3 uh*boimdary netw orks by v irtu©  o f  ra p id  p r e c ip i ta t io n  
reac tio n s#  •
, Two m ajor e x p la n a tio n s  can  th e re fo re  b© o ffe re d  to  
acco u n t f o r  th e  o ccu rrence  o f  sub-boundary s t r u c t u r e s :
( I )  That p o ly g o n isa tio n  can  occur
v e ry  r a p id ly  a t  low tem p e ra tu re s ;
( i i )  That p o ly g o n isa tio n  has occurred  
d u rin g  th e  h o ld in g  p e rio d  a t  h ig h  
te m p e ra tu re s , and th a t  i t  i s  
p ro g re s s iv e ly  re v ea led  by s e le c tIv o  
p re c ip i ta t io n *
(D) An A ssessm ent o f  th e  R e la tiv e  M erits o f  th e
two H ypotheses A ccounting’f o r  th e  O bservation  
o f  Sub-boLind^rxei^in Cti-Sn A llo y s*
A v e ry  c a r e fu l  a n a ly s is  i s  n ecessary  in  o rd e r  to  re so lv e  
w hich o f  th e  a l t e r n a t iv e  hypotheses i s  in  b e s t  agreem ent
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W ith th e  observed  f a c t s .  However, w h ile  many f a c ts  can be 
e q u a lly  w e ll  ex p la in ed  on e i t h e r  h y p o th e s is , i t  has been 
concluded th a t  th© ba lance  o f  evidence favours th e  assum ption  
o f  d i r e c t  ra p id  po lygon isa tion#
G enera l s p a t i a l  c h a r a c te r i s t i c s  ar*o o f  cou rse  e x p la in a b le  
on b o th  hypo theses s in c e  th e  same b a s ic  p o ly g o n isa tio n  
p ro cess  I s  invoked in  each  ca se . O ther f a c to rs  can , however, 
o n ly  be ex p la in e d  w ith  some d i f f ic u l ty  on tho b a s is  o f  th e  
p r e c ip i t a t io n  h y p o th e s is , and 'some n o t a t  a l l*
(1) F a c to rs  Capable o f  E x p lan a tio n on the  
P r e c ip i t a t io n  H ypothesis w ith  
A d d itio n a l As sumpt io n s *■>Mi«>iiU.w»miufjMiiMi»iiq»i>t !•# u'ni unnmrfoiwauif—wnmm .  iim iM w ai i imm.. .itwmwum
1. O b serv a tio n  o f  sub-boundary networks a t  r a te s  o f  
c o o lin g  more r a p id  th an  th o se  a t  which p r e c ip i ta t io n  i s  
observed  can  be ex p la in ed  by invoking sub-m icroscopic 
p r e c ip i t a t io n .
The g ra d u a l d im inu tion  o f  c e l l  s iz e  w ith  r e a c t io n  
tim e d u rin g  iso th e rm a l tra n s fo rm a tio n  can bo ex p la in ed  by 
assum ing th a t  p r e c ip i t a t io n  f i r s t  o u t l in e s  boundaries 
s e p a ra tin g  c3 l l s  o f  g r e a te s t  d if fe re n c e  in  o r ie n ta t io n .
5. Tho non-appearance o f  sub-boundaries in  tho 27fo3n
a l lo y  can  bo ex p la in ed  by assuming th a t  l i t t l e  o r  no 
p o ly g o n isa tio n  o ccu rred  d u rin g  tho  h o ld in g  tim e.
4 . The i r r e g u la r  shape o f  most c e l l s  can be accounted  
f o r  by th e  subsequent e f f e c t  o f  p r e c ip i ta t io n .
W hile some o f  th e se  ex p lan a tio n s  cannot be r e fu te d ,  
th ey  can be shown to -b e  u n l ik e ly .  Where sub-boundaries a re  
observed  w ith o u t v i s i b l e  p r e c ip i ta t io n ,  they  ap p ear 
rem arkably even in  appearance , which would no t be expected  
i f  tho p r e c i p i t a t e  s e le c te d  boundaries in  accordance w ith  
t h e i r  o r i e n ta t io n  d if fe re n c e . Assumption o f  low I n t r i n s i c  
p o ly g o n is in g  tendency in  th e  87^3n a l lo y  i s  b e l ie d  by the  
observed  tr e n d  o f  sub-boundaiy appearance a t  p ro g re s s iv e ly  
h ig h e r  r a te s  o f  co o lin g  w ith  in c re a s in g  t i n  co n ten t (F ig .51).
F in a l ly ,  th e  i r r e g u la r  shapos o u tl in e d  by tho  sub­
boundaries observed  as a consequence of. low tem pera tu re  
r e a c t io n  can  be c o n tra s te d  w ith  th e  more re g u la r  a r ra y  
o b ta in e d  in  a l lo y s  transfo rm ed  in  the  ( «  + X ) re g io n  (F ig .6 0 ).
Assuming an  in h e r i te d  po lygonised  s t r u c tu r e  from th e  
I n f ie ld  th e re  shou ld  n o t bo any marked d if fe re n c e  in  
appearance .
(2) F a c to rs  w hich cannot be ex p la in ed  on
th e  b a s is  o f  tho P r e c ip i t a t io n Hypoth e s is .wtfMni mu MMimiiirmniMuimir ~rn rirm i'wi 11*1 nm w.nw.i i— i immnrn-v.i it  -t|i .nain-arTfrnrirnr-PnT-ir—i ‘ t—i—m ' ~    '" 
I f  an  a l lo y  o f  24% to  25^3n is  transform ed to  produce 
d i f f e r e n t  p a r t i c l e  s iz e s  o f  cc in  tho  (ot + Y ) re g io n  the  
c e l l  s iz e  i s  m ostly  p ro p o rtio n a l to  th e  i n t e r - d i s t a n c e .
This o f f e r s  b o th  a d e n ia l  o f  tho p r e c ip i ta t io n  h y p o th esis  
and a p o s i t iv e  co n firm a tio n  th a t  the  form ation  o f  *  can 
produce s u f f i c i e n t  s t r a i n  to  a llow  p o ly g o n isa tio n  to  occur 
in  s i t u .
I f  a s ta b le  polygon!sed  a r ra y  e x is te d  in  th e  p a ren t 
g r a in ,  tho  ensu in g  oc p a r t i c l e  s iz e  should  no t a f f e c t  such an 
arm y* I f  on th e  o th e r  band p o ly g o n isa tio n  was i n i t i a t e d  
tlirougii th e  s t r e s s e s  s e t  up by o< p r e c ip i ta t io n  i t  would be 
expected  th a t  th e  ensu ing  po lygonised  a r ra y  would be r e s t r i c t e d  
to  th e  i n t e r - *  .a re a s .
W hile th e  specim en i l l u s t r a t e d  in  F ig . 60 had a quit©  
a p p re c ia b le  tim e o f  tra n s fo rm a tio n , sub-boundaries have a ls o  
been observed  in specim ens where o< p r e c ip i ta t io n  occu rred  
w ith in  20 se e s  (510°C). (c f . a l s o .F ig .  14)
N o tw ith stan d in g  th a t  th e  p o ly g o n isa tio n  p rocess may 
have ta k en  p la ce  in  th e se  specimens a t  tem p era tu res between 
500° and 600°0, i t  has been e f f e c t iv e ly  d isp ro v ed  th a t  th© 
a l lo y s  had a p r io r  po lygonised  s t r u c tu re  in  th e  p  s t a t e .
I f  th e  s t r e s s e s  s e t  up by *  p r e c ip i ta t io n  a t  500-600° 
a re  s u f f i c i e n t  to  cause p o ly g o n isa tio n  i t  seems probable 
th a t  th e  s t r e s s e s  in c u rre d  on quenching to  1 0 0 - 3 Q0 °€ 
shou ld  a ls o  be cap ab le  o f  cau sin g  p o ly g o n isa tio n . The 
o b je c tio n s  to  d i r e c t  p o ly g o n isa tio n  a t  low tem pera tu res 
appears to  be s o le ly  on th e  grounds o f  o b se rv a tio n s  on o th e r
a l lo y  system s.
That p r e c ip i t a t io n  can occu r a t  tho low tem pera tu res 
invo lved  i s  an  accep ted  f a c t ,  and indeed forms th o  fo u n d a tio n
o f  th e  precip ita tion  hypothesis# I f  d if fu s io n  r a te s  a re  
s u f f i c i e n t ly  ra p id  to  a llo w  p r e c ip i t a t io n ,  in v o lv in g  th e  
simultaneous movement and rearrangem ent o f  d i f f e r e n t  types 
o f  atom s, i t  would appear th a t  movement o f  d is lo c a t io n s  to  
form p o lygon ised  a rra y s  i s  e q u a lly  p o s s ib le .
CONCLUSION*
End-quenching tech n iq u es have been shown em inently  
s u c c e s s fu l  In  th e  study, o f  the . .decomposition c h a r a c te r i s t i c s  
o f  t i n  b ro n zes . Good c o r r e la t io n  has been shown to  e x i s t  
betw een iso th e rm a l and con tinuous co o lin g  t r a n s f o l ia t io n s  • 
V a r ia t io n s  in  b eh av io u r w ith  d i f f e r e n t  t i n  c o n te n ts  and tho  
a d d i t io n  o f  a l lo y in g ' elem ents have been found capab le  o f  a 
r a t io n a l  e x p la n a tio n  on th e  b a s is  o f  s t r a i n  and s u p e rs a tu r ­
a t io n  fa c to rs*
Tho tra n s fo rm a tio n  c h a r a c te r i s t i c s  o f  c o p p e r- t in  a l lo y s  
ap p ea r to  e x h ib i t  many o f  th o  f e a tu re s  found In  o th e r  copper- 
base  sy stem s, b u t In  un ique com bination. Some o f  th e se  
c h a r a c te r i s t i c s  have been shown to  a f f e c t  p re se n t co ncep tions 
o f  th e  n a tu re  o f  th e  ft -V  r e a c t io n ,  and o f  th e  ro le  p layed 
by p o ly g o n is a tio n  in  n o n -eq u ilib riu m  tra n s fo rm a tio n s .
APPSIIDIX I .
MICR0HA.KjDTTSS3 5BSTO®.
iw*wumiiiwii»wamnii K ni»ip« nn— m i i .W n' u> inMin. w ;rM. a u , l««6W
(A) I n t 330duet lo  n . -
A lthough co n v e n tio n a l End-quench t e s t s  u se  a s ta n d a rd  
hard n ess machine fox'* measurement o f  th e  hardness g ra d ie n t ,  
i t  was decided t h a t  a m icrohardness t e s t e r  would o f f e r  
advan tages n o t o b ta in a b le  w ith  h ig h -lo a d  in s tru m e n ts ; in  
p a r t i c u l a r  i t  was env isaged  th a t  th e  hardness d e te rm in a tio n  
o f  in d iv id u a l  c o n s t i tu e n ts  would f a c i l i t a t e  c o r r e la t io n  o f  
con tinuous co o lin g  and iso th e rm a l p ro d u c ts . In  a d d i t io n  
i t  was c o n s id e re d  th a t  w ith  a m a te r ia l  s u s c e p tib le  to  
tra n s fo rm a tio n  by d efo rm atio n , m acro-hardness Im pressions 
m ight cause s t r u c t u r a l  a l t e r a t i o n s  which would p reven t 
subsequen t h ard n ess  measurements in  the v i c in i t y  o f  th e  
i n i t i a l  im p ressio n . From a more g en e ra l s ta n d p o in t i t  was 
co n s id e red  th a t  m icro -hardness measurements o f  v a rio u s  
tra n s fo rm a tio n  p ro d u c ts , and more p a r t ic u la r ly  o f  v a rio u s  
p o r tio n s  o f  th e  decomposing m a tr ix , seemed a techn ique which 
was w orthy o f  e x p lo ra t io n , having been n o tic e a b ly  n eg lec ted  
in  fav o u r o f  tho  measurement o f  th e  hardness p e r  so o f  sm all
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A review  o f  l i t e r a t u r e  in d ic a te d  th a t  th e re  e x is te d  
n o tic e a b le  d is c re p a n c ie s  in  th e  low load  h a rd n ess , and th a t  
In  some cases  th e  d is c re p a n c ie s  m ight be connected w ith  th e  
m e ta l lu rg ic a l  c o n d itio n  o f  the  specim en. T his was co n s id ered  
to  be w orth  exam ining in  view o f  the  g ra d ie n t o f  stxm ctu res 
a v a i la b le .  . .
(B) G enera l C h a ra c te r i s t ic s  o f
M lcro-liardhess fe s tln m .-
W ith a re d u c tio n  in  s iz e  o f  th e  im p ressio n , th e  e f f e c t s  
o f  f a c to r s  such a s  th e  alignm ent o f  moving p a r t s , th e  
su r fa c e  p re p a ra t io n  o f  th e  specim en, th e  c o n d itio n  o f  th e  
diamond, and m easuring methods a l l  become m agnified  and o f  
in c re a s in g  im portance.
The p re c is e  m echanics o f  a  v a r ie ty  o f  t e s t e r s ,  and t h e i r  
perform ance on s ta n d a rd  te s t-m a t© r ia ls , have been summarised 
in  a S p e c ia l  h e  p o r t  1^3,124 # I t  i s  g e n e ra lly  ac cep ted  th a t  
r e p r o d u c ib i l i ty  i s  good a t  loads above 1 0 0  gms* and the 
h ardness f ig u re s  o b ta in ed  in  th e  h ig h e r  rang© o f  m ic ro -lo ad s 
compare v e ry  fav o u rab ly  w ith  th o se  o b ta in ed  in  normal 
h ardness t e s t i n g  m achines.
D ev ia tio n s  a r e ,  lie woven, g e n e ra lly  observed  a t  low er 
lo a d s , b o th  p ro g re ss iv e  d ec reases  and In c reases  o f  hardness 
hav ing  been o b ta in e d . P ure ly  geom etric co n s id e ra tio n s
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in d ic a te  t h a t  a pyram idal diamond in d e n to r  should  le a d  to  a 
hard n ess f ig u re  e n t i r e ly  independent from the . lo a d , bu t i t  
i s  by no means c e r t a in  t h a t  th e  ru l in g  c o n s id e ra tio n  does 
n o t l i e  w ith  th e  p la s t i c  p ro p e r tie s  o f  th e  m a te r ia l  being  
in d en ted . Most th e o r e t i c a l  tre a tm en ts  have a t t r i b u te d  v e ry  
Id e a l is e d  p l a s t i c  p ro p e r t ie s  to  m e ta ls100*101; i t  I s  th e  
ex cep tio n  to  f in d  w ork-hardening  by the in d e n to r  being  
co n s id ered  as an  im portan t f a c to r 102.
As a consequence o f  th e  I m p lic i t  assum ption th a t  
hardness does n o t v ary  w ith  lo ad  in  pyram idal system s, th e  
m a jo r i ty  o f  ex p lan a tio n s  o f  low -load hardness f ig u re s  su g g ested  
th a t  m echanical f a u l t s  o r  bad su rfa c e  p re p a ra t io n  were 
re sp o n s ib le  f o r  th e  d e v ia tio n s .
■ Cl) Causes o f  lo w -lo ad -d ev la tio n s  a t t r ib u te d
t» i* n if» 1 IT* 111 ii i f . '  mu m  I|» w * —*~<i'W|"i'» .ir«wii*ii*|irT*^-rrrr~wiiii<»r-fwm.r ii^ iii w a wi i»* ■ r t ir"  ^rtf irn i'mtmwn-Twriv n —r“** thh r I' im'fl' liv
to  l a s t i n g  A p p ara tu s .
Most a u th o rs  have co n s id ered  th a t  e r ro r s  in  th e  a p p lie d  
lo ad  a r e  re sp o n s ib le  f o r  d e v ia tio n s  in  hardness figu res*
These e r r o r s  can a r i s e  In  numerous ways* •
In  beam -type t e s t e r s ,  f r i c t i o n  in  b ea rin g s may account 
fo r  p a r t  o f  th e  lo a d 100, and a rc in g  o f  th e  e l e c t r i c  c o n ta c t 
showing a p p l ic a t io n s  o f  lo ad  may cause s l i g h t  Imp&cting1^ t 
I t  i s  a ls o  o b v iously  n ecessa ry  to  a c c u ra te ly  p o s i t io n  any 
w e ig h ts  u sed  to  app ly  loads by means o f  a le v e r  p r in c ip le 123. 
Beam and 'sp r in g  in s tru m en ts  can g ive d i f f e r e n t  read in g s on 
th e  same specim en1^ .
O ther p o s s ib le  sources o f  e r r o r  re s id e  in  the  speed o f  
lo a d in g ^ 0 , th e  r e s o lu t io n  o f  the  o p t ic a l  sy s te m ^  % and 
im p e rfec tio n s  o f  th e  dlanon& ^O >3*49?2*96# •
• The p resen ce  o f  v ib r a t io n  i s  - m entioned as th e  c h ie f  
, cause . o f ' e rro n eo u s ly  la rg e  iinp rossions^®
( 2 ) Causes o f  low -load  D ev ia tions 
A t t r ib u te d ' to  S u rface  13ffa c ts*
.Deformation- caused by su rfa ce  .p re p a ra tio n  i s  quoted 
e x te n s iv e ly  as a cause o f  in c re a se d  hardness a t  low 
lo a d s '12% # 3*50135,137,149,153,132 %
The fo rm atio n  o f  a B e llhy  la y e r  I s  sometimes h e ld  
r e s p o n s ib le , b u t th e  e f f e c t  p e n e tra te s  to  an a p p re c ia b le  
d ep th  and d efo rm atio n  by s l i p  i s  a  more l ik e ly  e x p lan a tio n . 
The e f f e c t  o f  e tc h a n ts  and e le c t ro p o lis h in g  i s  a ls o  
important^-®®» »
S u rface  T ension and th e  presence of. a s o f t  la y e r  on 
th e  s u r fa c e  have been quoted  as p o s s ib le  b u t u n l ik e ly  
fa c to rs^ ® *
(3) Causes o f  Lou ■"load Devia t io n s  
AtWTbutecI ~tor""ProT>o.Y t^ies o f  tho  M etal.
Orowan had advanced a th eo ry  from which i t  m y  be 
ex p ec ted , on grounds o f  d is lo c a t io n  th e o ry , th a t  th e  hardnes 
should  in c re a se  when tho  s iz e  o f  th e  im pression  approaches 
a c r i t i c a l  domain s i z o ^ ^ .
BfiekXe lias in d ica ted  tM t  the degree o f  d ev ia tio n  can 
bo a sso c ia te d  w ith  tho pb^ r0 io*»notaXXurg;loaX con d ition  o f  
tho a llo y *  and con sid ers th at In ternal s tr e s s e s  are mainly 
re s p o n s ib le ,
u la s t io  recovery e f f e c t s  have bo021 analysed and
suggested  as a p o ss ib le  cause fo r  a redaction  in  e l s e  o f  the
im preesion - ^ 8  # B ClXthoujpa such e f f e c t s  arc almost c e r ta in  
to  be present # • i t  aeons th a t they are q u an tIta tlvo ly  in s u f f i ­
c ie n t  to  account fo r  tho observed anom alies*)
Gone in  1  e f f e c t s  due to  sp e c if ic  micros true tures and to
the crysta llograp h y  o f  tho have been observed
fTecraently, but cannot account fo r  load o f  foo ts in  s in g le -  
phaso s tr u c tu r e s .
V aria tion  o f  im pression sis©  and shape has boon 
observed by r o ta tin g  the diamond w ith  respect to  a co n sta n tly  
o r ien ta ted  rm frlu *^ *  189>141# ^ 4  v a r ia tio n  in  the hardness 
o f  ^-alum inium  bronao obtained by d iffe r e n t  boat-treatm ents  
has boon noted by Gragnani^^'^*
0 } nnrarlm onto.1 Procedure and R esu lts  •
The M ierohardm ss T ester used In the Imres t l g a t  io n  was 
a  G.Khd* (Pig* 61#)
The- lo ad  i s  applied  a s  a  d i r e c t  weight on a beam 
assem bly w hich I s  p ivoted  on b eiy lliuua  bronso springs* 4
F ig . b l i:he * ic ro h a rd n e ss  t e s t e r  and 
specim en J ig .
threaded counterweight allows M lam ing o f tho beam assembly 
p rio r to  loading* and. a noon l i^ t /e o n ta o t  system. IMie&bas 
when the lu l l  load 1ms boon applied.
Tho whole indenting system is  loountod on a oovablo 
p lattem * allowing interchange of the positions oooupiod %  
tho to ion to r and two lenses* $3bo la t te r  are rsountod on 
rubber blocks* and th e ir  position earn bo adjusted 00 as to 
centralis©  the iMont&tion within tho f ie ld  o f the objective* 
HeastiroTOBt Is  rsade by a  00row miesmetor eyepiece m iked in  
divisions ecplv&iont to  o*Bym a t  a ’ r a t i f i c a t io n  of son 
dioiaoters*
a im s  the systo ~ Is  dmd^Xosd&no;# errors In the applied 
load earn a r is e  only through im eeum te wolghts o r  imeeurat© 
balancing o f the t e s #  &&efr m ight Is accurately located
on ttm horn® by sscam o f mteMtsg pins and sockets* ‘fable 
X&ZK In d ie s  te a  t h a t  a lth o u g h  ttm m  w eigh ts  do n o t  (by 
v irtue  o f tin? lover principle) give the actual load applied 
a t  the diaisond essls, th e ir  lu tla s  eXesoXy correspond to the 
m tio  of applied loads*
T&® loading of the too to r  is  carried out a t  the CbCP 
laboratories m  the octtral bosm assembly* but tho ra tio s  tn  
Table 1 MX afford a ckoelt on tho possible csagpltudo of e rro r 
lik e ly  in  loadingf th is  is  soon to  be vary aactlX, and well 
w ithin t to  m nuftatuiaro* stated limits* (hucli errors as
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Load Ratios used In  M icnohardness T e s t in g .
W eight
, ■ gm,
W eight R atio Kominal Load 
■0 RI ■ . .
42.* 249 1 0 0 * 0 0 1 0 0
21*131 50*01 50
4.219 9 .97 1 0
O. 1 1 APt *2»Xu 4*99 . 5
1.246 2.95 3
0*416 0 .93 1
a re  p re s e n t a re  in  th e  o p p o site  sense to  those re q u ire d  to  
e x p la in  d e v ia tio n s  i n  Im pression  s iz e  o b ta in ed  in  p r a c t i c e . )
F o r th e  purposes o f  m icrohardness measurement o f  end- 
quenched b a rs  a s p e c ia l  j i g  was c o n s tiu c te d , w hich allow ed  
a c c u ra te  lo c a t io n  o f  s p e c i f ic  s t r u c tu r e s  and p o in ts  a long  th e  
b a r  (S e c tio n  Vf s F ig . 11 ).
P re lim in a ry  experim ents were u n d ertak en  to  e s ta b l i s h  
th e  e f f e c t  o f  v a r io u s  f a c to r s  known to  have a p o s s ib le  
In flu e n c e  on Hie hardness f ig u re ,  w ith  th e  fo llow ing  r e s u l t s
(1 ) G enera l R e p ro d u c ib il i ty  and Heading E r r o r .
fa k in g  s u i t a b le  p re c a u tio n s  reg a rd in g  th e  a x l a l i t y  o f  
th e  diamond, le v e l l in g - o f  th e  specim en, e x c lu s io n  o f  d ra u g h ts , 
m inim al a p e r tu re  o f  i l lu m in a tin g  system , and b a lan c in g  o f  
th e  beam system , i t  was p o s s ib le  to  o b ta in  a r e p ro d u c ib i l i ty  
o f  Z  0 . 2 /x  u s in g  a  1 0 0  0 ii. load  on most specimens o th e r  th an  
a l lo y s  based  on su p ers  p u r i ty  aluminium. This f ig u re  i s  
quoted  w ith  re fe re n c e  to  h istog ram  p lo ts  o f  1 0  o r  more 
im pressions and roughly re p re s e n ts  th e  P.M.S. d e v ia tio n  
{Fig. 62) .i# .
At a  m a g n if ic a tio n  o f  500 d iam eters and u s in g  normal 
i l lu m in a t io n , i t  I s  p o ss ib le  to  c a lc u la te  th a t  an  accuracy  
b e t t e r  th a n  Z 0 . 3 y *  i s  u n lik e ly  f o r  th e  r e s o lu t io n  o f  tho  
system ; th e  mean v a lu e  o f  a la rg e  number o f  im pressions
sh o u ld , however, be v ery  c lo se  to  th e  r e a l  v a lu e .
A t low er lo ad s  I t  I s  p o ss ib le  to  show th a t  the  p ercen tag e
accu racy  d e c rease s  r a p id ly ; th i s  Is  c e r ta in ly  obvious when 
tho  l im i t in g  fig u re , o f  0 . cy*. I s  compared to  tho  dim ension 
o f  th e  im p ress io n , which may decrease  to  a v a lu e  o f  tho  o rd o r
o f  5 * 0 ^ . . The accuracy  a ls o  d ec reases  because o f  th e
p re p o n d e ra n tly .g r e a te r  e f f e c t  o f  o th e r  f a c to r s .
The u se  o f  magnification o f  1000 d iam eters d id  not 
produce an  o v e r a l l  Improvement o f  th e  accuracy  o f  r e s u l t s ;  
t h i s  may have been  due to  Inherent variations o f  hardness 
from p o in t to  p o in t In  th e  m a trix  o r ,  a l t e r n a t i v e ly ,  to  the 
impossibility, o f  a t t a in in g  g r e a te r  accu racy  w ith  tho in d e n tin g  
system- u t i l i s e d *  I t  was co n sid ered  that th e  g r e a te s t  causa 
o f  p e rso n a l e r r o r  re s id e d  in the  speed o f  d ep ress io n  o f  tho  
In d e n to r  In to  the specim en, b u t th a t  this could  no t be made 
more c o n s ta n t w ith o u t m ech an isa tio n , and th a t  v ib r a t io n  
tro u b le s  from such m ech an isa tio n  would outw eigh tho advantage 
o f  c o n s ta n t speed o f  Inden ta tion*
The accu racy  o b ta in ed  compares favou rab ly  w ith  th a t
123,124quoted by many o th e r  o p e ra to rs  o f  m icro -hardness t e s t e r s  *
However, in  view  o f the  l im i ts  o f  r e p r o d u c ib i l i ty  I t  was 
d ec ided  th a t  r e l i a b i l i t y  cou ld  on ly  be p laced  on the mean 
■result o f  a f a i r l y  la rg e  number o f  im pressions.
(2 ) V a r ia t io n  o f  Hardness w ith  O r ie n ta tio n *
Experim ents on Ha© v a r ia t io n  o f  hardness w ith  o r ie n ta t io n  
were made p r im a r ily  In  o rd e r  to  e s t a b l i s h  what degree o f  
s c a t t e r  m ight be expected  when t r a v e r s in g  s e v e ra l  g ra in s  o f  
th e  same s tru c tu re *  ?Jher© a marked dependence on o r i e n t ­
a t io n  was observed  i t  was a ls o  an o b je c t o f  th© experim ents 
to  e s t a b l i s h  w hether a q u a n t i ta t iv e  r e la t io n s h ip  could  be 
o b ta in ed  betw een the  geom etry ' o f  th e  In d en to r and o f tho 
l a t t i c e  concerned* •
L i t t l e  i f  any evidence was found fo r  v a r ia t io n  o f  
hard n ess w ith  o r ie n ta t io n  in  copper-base  BCG ($ p h ases , 
u n le s s  some temp©ring tre a tm en t im& been perform ed (Table L). 
I la r to n s i t i c  s t r u c tu r e s  showed s ig n s  o f  o r ie n ta t io n  dependence, 
b u t th e  r a th e r  he terogenous c h a ra c te r  o f  such a c ie u la r  
s t r u c tu r e s  p rec lu d es  a d e f in i t e  co n c lu sio n . In  c o n t r a s t , 
q u ite  marked changes can bo observed in  copper-base FOG 
p h a se s , and I t  i s  l ik e ly  th a t  th e  response o f  tem pered and 
m a r te n s ! t ic  P s t r u c tu r e s  In d ic a te s  th e  presence o f  l a t t i c e s  
o f  h ig h e r  a n iso tro p y  th an  th e  p a re n t BCG phase.
When unetciiod su rfa c e s  a re  u sed , i t  i s  p o s s ib le  to  
t r a c e  th e  o p e ra tiv e  s l i p  p lanes ensu ing  from th e  d efo rm ation  
in  th e  v i c i n i t y  o f  th e  im pression* Harked c o r r e la t io n  can 
be observed  betw een th e  ang le  made by th© s l i p  p lanes and 
th e  s id e s  o f  th e  im p ressio n , and th e  measured d iam ete r o f  th e
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TABLB L.
V a r ia t io n  o f  H ardness w ith  O r ie n ta tio n .
{2%>%Sn 0 .7$tln  A llo y , Q.650° Tempered 4 hrs* a t  100°C)
(G rain  chosen w ith  e tc h  p i t s  d en o tin g  (100) i n  p lane 
o f  p o lish *  0 °  in d ic a te s  s id e  o f  im pression  / 7 / 1 0 0 7 )
O r ie n ta t io n Hardness
0 ^ 2 2 1
3° 2 2 1
1 0 ° 183
.13° 230
180 215
2 1 ° 183
23° 206
26° 206
28° 227
31° 206
33° 181
impressionj ' f a r th e r  c o r r e la t io n  i s  a ls o  o b ta in ed  w ith  
re s p e c t to  th e  shape o f  th e  im pression  (Fig* 63) •
The results in d ic a te  th a t  th e re  can be l i t t l e  v a lu e  in  
a t ta c h in g  a s in g le  hardness f ig u re  to  m a te r ia ls  which show 
such o r ie n ta t io n  e f fe c ts*  Tho r e s u l t s  a r e ’ a ls o  o f  
im portance in  showing th a t  the  s c a t t e r  ob ta in ed  in  c e r t a in  
p o r tio n s  o f  m ierohardness tr a v e rs e s  may re v e a l changes in  
l a t t i c e *
(3) V a r ia t io n  o f  Hardness w ith  Load*
Deviations were found in  th e  m a jo rity  o f  c a s e s , b u t 
on ly  a t  lo ad s  below 50 gm* The d e v ia t io n  i s  prom inent in 
hardness/load graphs (F ig , 65) and ap p ears as an  ab ru p t 
change o f  s lo p e  in  logP/logD graphs (F ig , 6 6 ) ,  Where the  
s lo p es  o f  th e  two p a r ts  o f  such a  graph, do no t d i f f e r  
a p p re c ia b ly  I t  i s  d i f f i c u l t  to  e s ta b l i s h  w hether a c o n s is te n t  
e r r o r  in  lo ad in g  cou ld  be re sp o n s ib le  o r  not* i n  th e  g e n e ra l 
case- i t  ap p ears that i t  i s  a genuine e f f e c t ,  and no t due to  
vagrancies in th e  apparatus*
C a lib r a t io n  was f re q u e n tly  cheeked \ moving p a r ts  
examined and tig h ten e d }  th e  diamond examined f o r  c h is e l  
e&vQ s and p re c a u tio n s  taken a g a in s t  v ib r a t io n  and im pacting ,
*  i t  ^
S ince  th e  d e v ia t io n  observed was in v a r ia b ly  in  the 
d i r e c t io n  o f  la r g e r  im pressions a t  low” lo a d s , v ib r a t io n  and
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chia® l e d g e  e f f e c t s  {S ection  B ~ I) wore examined most 
e?5j*©fally* A s im ila r  Instrument used  a t  low lo ad s  was 
mounted on an  a n t i - v ib r a t io n  bench where v ib ra t io n s  were 
reco rd ed  on an  o s c il lo g ra p h ^ 95, , D ev ia tions s t i l l  occurred  
although no v ib r a t io n  was recorded*
D ev ia tio n s  observed i n  other lab ora tories havo been 
E iostly on a  imeh sa m lle r  s c a le ^ ^  *1 ^1 , X9S w ith  tho notab le
excep tion  o f  tho r e s u l t s  o f  w hich a re  v o iy
s im i la r : to  those found in  tho p re se n t in v e s tig a tio n *
Altlxsugh Ollll la b o ra to r ie s ^ * 6  con sid er  th at a  ohiaol-e& ge 
could lo a d  to  v a r ia t io n s  In  hardness o f  th o  observed order 
I t  seems most u n lik e ly  t h a t  I t  i s  more th an  a minor cause in  
t i l l s  in stan ce# ’ The measured le n g th  o f  the c h i s e l  edge on 
th e  dl&aond u sed  i n  th e  p re se n t work was 0*5-0* v * .  and t h i s  
can  r e s u l t  in  v e ry  l i t t l e  a l t e r a t i o n  in  the  apparent hard- 
ness* I n  confirm ation  o f  t h i s  I t  la  found th a t tlia 
im p ressio n s even a t  very  low 'loads a r e  s t i l l  p r a c t i c a l ly  
square*
f n r th e xmoro, i t  i s  considered  t h a t  the co rrectio n s
c a lc u la te d  by GICH Laboratories m y  be to o  la rg e ,  s in ce  th ey  
were based  on th o  e f f e c t  o f  an  in c re a se  in  the  d iag o n a l le n g th  
w ithout co n sid era tio n  o f  th o  p o ss ib le  e f f e c t s  o f  a c h is e l  
edmo on th o  d ep th  o f  an im pression . As tho  in d e n to r  can be 
co n s id e red  to  c ome to  r e s t  whan th e  su rfa c e  area o f  the
In d e n ta tio n  i s  s u f f i c i e n t ly  la rg e  to  su p p o rt th e  a p p lie d  lo a d , 
i t  fo llow s th a t  i n 'th o  p resence o f  a c h is e l  edge a g iven  . 
su rfa c e  a re a  la  o b ta in ed  f o r  a sm a lle r  p e n e tra tio n  th an  w ith  
a p e r f e c t  diamond,' - 1
C onsequently  th e  d iag o n a l le n g th  which i s  measured when 
u s in g  a bad diamond i s  th e  d iag o n a l o f  a re c ta n g le , whose 
s h o r te r  s id e  i s  sm a lle r  th a n  th e  s id e  o f  th e  square which 
would have been produced b y 'a  p e r f e c t  diamond. A mathemat­
i c a l  com parison o f  th e  m agnitude o f  th© c o r re c t io n  n ecessa ry  
assum ing c o n s ta n t p e n e tra t io n  o r  co n s tan t su rfa c e  a re a  w i l l  
be found in  Appendix lb*
(4) V a r ia t io n  o f Hardness w ith  Surface P re p a ra tio n *
In  view  o f  tho  im portance a tta c h e d  to  su rfa c e  p re p a r­
a t io n  by o th e r  in v e s t ig a to r s ,  th e  e f f e c t s  o f  v a rio u s  
p o lis h in g  and e tc h in g  p rocedures was in v e s t ig a te d . A lthough 
m a te r ia ls  such a s  S .P . Aluminium and puro Copper showed 
q u ite  marked e f f e c t s ,  th e  im portance o f  p re p a ra tio n  s te a d i ly  
decreased  as  th e  hardness o f  th e  m a te r ia l  in c re a se d . Over­
e tc h in g  was found to  be f a r  more d e tr im e n ta l, s in c e  the  
im p ressio n  could  th an  n o t be measured a c c u ra te ly .
E le e tro p o lis h in g  was found to  have s e v e ra l d isa d v an ta g es , 
co u n te rb a lan c in g  the  obvious advantages o f  s t r a i n - f r e e  
s u r fa c e s . U nless p o lis h in g  co n d itio n s  a re  very  c a re fu l ly
a d ju s te d , th e  s u r f a c e ,  a lth o u g h  f re e  from s c ra tc h e s ,  w i l l  
c o n s is t  o f  g e n tle  u n d u la t io n s , ' im p e rcep tib le  to  the  eye, b u t 
hav ing  an  e f f e c t  on the  an g le  of. in c id en ce  o f  th e  indentor*
I t  i s  a ls o  by no .means c e r t a in  w hether th e  su rfa c e  la y e r  i s  
n o t s t i l l  con tam inated  w ith  p a r t  o f  the  anodic f ilm  n ecessary  
to  th e  p o lis h in g  a e t l o n ^ ^ .  ,
\  In  g e n e ra l ,  G l.xO fL o v e r y - l i t t l e  e f f e c t  in  tho range
S00-500 VP!f p ro v id in g  th a t  the  specim en has been reasonab ly  
c a r e fu l ly  p o lish e d  and e tch ed  s e v e ra l  tim es.
In  th e  case  o f  a 85$SN Bronso, l i t t l e  d if fe re n c e  was 
d e te c te d  in  the behav iour o f  the  m a te r ia l  a t  a l l  loads 
w hether in  th e  e le c tro p o lis h o d , m echan ically  p o lis h e d , o r  
e tch ed  c o n d itio n s  ( fa b le  L I I ) .
(5) V a r ia t io n s  o f  Hardness in  Duplex S t ru c tu r e s .
Such v a r ia t io n s  a re  e s s e n t i a l ly  connected w ith  the  
p resence  o f  b o u n d aries in  th e  n ea r  v ic in i ty  o f  th e  im pression . 
In  th© m a jo r ity  o f  ca ses  boundaries in  a s in g le  phase m a te r ia l  
cause v e ry  l i t t l e  d if fe re n c e  In  hardness u n le ss  th e re  a re  
a ls o  prom inent o r ie n ta t io n  e f f e c t s .
Boundary p r e c ip i t a t e  when se c tio n e d  a t  an ob liq u e  an g le  
can cause erroneous r e s u l t s  because i t  i s  no t e v id e n t th a t  
such a p r e c ip i t a t e  i s  p r e s e n t 5 th i s  in flu en c e  may extend 
a p p re c ia b ly  in to  th e  g ra in  (F ig . 64). Whore th e  duplex
structu re  la m in tivoly cmm®, the s c a tte r  o f impression 
eiao is  re la tiv e ly  largo* - This is  a lso  the case i f  Urn 
Btmntnm  consist© of airail colonies of d iffe ren t orien tation , 
f&vtonaltolo steM tures ©tow so&Xl variation® wbon tho slae 
of tho l^apresoicm t&mt of iM ividual reo&Xaa*
?oiy large otto tb  can arise* I f  tho impression. aisso la 
largo re la tiv e  to  the phase p artic le  being talented. 
Pobe»lsmtXon of tho ta rto m s o f tho *~plataa in  a p n a tri*  
showed blm t w ith  im r e a s in g  load# th e  im p ressio n  a loo  
v ir tu a lly  m m im d  Uw diameter of tho
tapreesien reached tim width of tJb© plate*
I f  tho  plmaes have maftodly d if fe r e n t  M zdaossos I t  i s  
possible tlm t an en tire ly  c t o o t  value w ill ho obtained 
on small particle®  duo to  $m  yioMlng o r restrain ing  e ffec t 
of the o ther phase*
I BiSOl^ OSlOfi O'
Detailed mml%® of th e  Effect o f load  on the Bar&noss 
o f  some Bromo ®breetaree are presented in  Tables Lt, X»XX
and m i *
l a  tho case  o f  noro m r b e n s it te  ©bmctures the degree, 
o f  s c a t t e r  la  X&rgor than to r  tlm  alley©  a to m  in  F ig . 6 6  
but t a i s  i s  to  bo expected  when i t  la  token Into consider­
a tio n  th a t a t  low loads tho hb& of o f  r a r te n a lt le  noodles 
In tersec ted  i s  rap id ly  d ta ln ish ln g  lu  an Irregu lar imnnor*
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TABLE L I,
The V a r ia t io n  o f  Hardness T-rith Law Loads f o r  
Sone Bronzeg and"s'te'e 1 Msrteng 1  testT
H ardness ('7 PH) a t  Load (gin)
Com position Structure 1 0 0 50 30 1 0 5 3 1
23nMn ? ' 224 234 2 2 0 189 179 178 162
24/TH (Q65Q) /W /j ' 2 2 0 227 2 2 1 186 161 145 116
24/Til (Q585) /» 278 282 276 278 242 224 183
25/0 EP r 254 269 276 269 250 242 193
2 5 /0  HP r 251 258 264 251 2 2 2 242 181
27/0  !7i> 322 354 329 300 258 224 193
C-10 (QG50) p 270 252 257 205 167 166 128
C-10 oL • m  ■ «* 139 115 138 131 74
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The oM age in  slops on the logarithmic p lo ts, although 
sometimes s lig h t#  is  -seen to  be re la te d  to  a catastroph ic  
reduction  In  hardness a t  %m loads {Fig* 65), In o rder to  
b ring  th is  relationship  In to  groatox* prominence# various 
parameters have boon p lo tte d  fo r  a m  single a llo y  in  Fig* 67 ,
These r e s u l ts  a re  not due to a constant aero e r ro r  in  
the loading# sines i f  the diameter o f the impressions i s  
p lo tte d  d ire c t ly  ag a in s t load , i t  is  seen th a t the curves 
approach, aero q u ite  smoothly {Fig, 68), For I s  the 
departure tram l in e a r i ty  In  Fig* 65 associa ted  w ith  any 
particuls .r  size o f  Impression*
I t  i s  n o t  p o s s ib le  to  a s c r ib e  th e  ab ru p t change o f  
b eh av io u r a t  lo a d s  o f  approx im ately  50 0 ii to  any p a r t i c u la r  
S tru c tu re*  Im r to n s i t io  s tru c tu re s #  .Retained p  s t r u c tu re s  
and p a r t i a l l y  decomposed p  s t r u c tu r e s  le a d  to  v e ry  s im i la r  
r e s u lts *  (T ables H I  and I I I I )  There I s  a  tr e n d  f o r  th e  
i r r e g u la r  I  t i e s  to  d ec rease  In  e x te n t as th e  p roduct becomes 
h a rd e r ,  a s  ev idenced  by t o  d a ta  f o r  s to o l  m a rte n s ite  and th e  
h a rd e s t  o f  th e  b ronze s t r u c tu r e s . This tre n d  la  a ls o  
e v id e n t i n  d a ta  shoeing  th a  v a r ia t io n  o f  slope o f  logF/logD  
a s  In d e n ta tio n s  a re  roads p ro g re s s iv e ly  a long  an end-quenched 
b a r  o f  248 Sn-Bronze (Table I I ? ) .  T h is , however, i s  n o t 
n e c e s s a r i ly  a s s o c ia te d  w ith  hardness p e r  so , s in c e  *  bronze
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Distance q£ 
Structure 
from 
W ater■level
Hardness
a t
Load SO |p,
Hardness
*** 4fe
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Load 5 gn
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6 . 0 0  ©  8S (** m  & 180 • 0.49
6 .5 0  eta 5 'ip * 275 167 0 .6 1  .
7.50 cm 80$ [** 294 I?a 0 ,6 1
5 , 0 0  cm 60$ p* 572 804 o.eo
9 .0 0  cm 95$ /** 415 2 64 ‘ 0 .64
9 ,5 0  cm 100$ P* 440 3X7 0,72
( ft* i s  the irresolvable p recip itate  which forms 
th e  tran sfcm n a tlo ii p roduct a t  tem p era tu res 
a t  a n d .below th e  nose o f  the TTT curve.)
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s t r u c tu r e s  a ls o  g ive l i t t l e  i r r e g u la r i t y  in  b eh av io u r on 
v a ry in g  th e  lo ad  (F ig , 6 6 ) ,  (A part from a g r e a te r  o v e r a l l  
s c a t t e r  due to  o r ie n ta t io n  e f f e c t s . )
(B) T h e o re tic a l  Im p lic a tio n s  on 
H iero»hardneas T e s t in g ♦
Where v a r ia t io n s  in  hardness w ith  load  have been 
accep ted  a s  a genuine p ro p e rty  o f  th e  mater i a l *^ ' 5* a n d  
n o t due to  in s tru m en t e r r o r s ,  th e  v a r ia t io n  i s  g e n e ra lly  
accounted  f o r  in  terras o f  a Moyer E xpression  o f  th e  form 
F = KDn ( ( P s Load, D a D iam eter o f  th e  im pression  and 
n  m Meyer In d e x )) ,
S ince th e  hard n ess lo ad  r e la t io n s h ip  in  th e  V ickers 
f o s t e r  i s  o f  th e  fo ra  H * K1 P/l)^, i t  i s  ev id en t th a t  hardness 
can o n ly  be independent o f  load  i f  n # 2 , and t h a t  o th e r  
v a lu e s  o f  (n) w i l l  cause a d ec rease  o r  in c re ase  in  hardness 
w ith  d ec re a s in g  lo a d , depending on th e  p re c ise  value  o f  ( n ) , 
The Meyer Index ha 3  long  been recogn ised  in  the case 
o f  B r in e l l  H ardness T e s tin g , where high valu es o f  (n) have 
been c o r r e la te d  w ith  a h ig h  c a p a c ity  f o r  w ork-hardening , and 
n a 2 i s  a v a lu e  approached a sy m p to tic a lly  in  cold-w orked 
m a te r ia ls .  The d e n ia l  o f  i t s  a p p l ic a b i l i ty  In  th e  case o f  
V ick ers H ardness T es tin g  has been based alm ost e x c lu s iv e ly  
on th e  f a c to r  o f  geom etric s im i la r i ty  o f  in d e n ta tio n  a t a l l
lo a d s , and th e  -experim ental o b se rv a tio n  th a t  a t  loads in  
th e  m acro-hardness range no v a r ia t io n s  in  hardness have been 
encoun tered .
A c a rd in a l  d i f f i c u l t y  of. ex p ress in g  v a r ia t io n  In  low- 
lo ad  h ardness r e s u l t s  In  term s o f  a Meyer E quation  occurs 
I f  th e  e q u a tio n  I s  extended to  h ig h e r  loads* A marked 
dependence on lo a d  w i l l  a ls o  be p re d ic te d  In  the  range where 
none has been observed*
F urtherm ore , in  cases o f  In c re a se  in  hardness w ith  
d ec rease  i n  lo a d , th e  in fe re n c e  can be made th a t  continuous 
in c re a se  o f  lo ad  w i l l  cause continuous s o f te n in g , which i s  
a c o n tra d ic t io n  in  term s when w ork-hardening system s a re  
co n s id e red . T herefo re  i f  the  v a r ia t io n s  In  hardness a t  
low loads a re  to  be ex p la in ed  by th e  use o f  a Meyer eq u a tio n  
some change in  th e  index to  a  v a lu e  o f  n » 2  i s  n ecessary  
a t  h ig h e r  l o a d s , .
I f  th e  in d e n ta t io n  p ro cess I s  co n sid ered  c a r e f u l ly ,  i t  
w i l l  be ev id en t t h a t ;
(a) any m a te r ia l  w i l l  be in  i t s  s o f t e s t  
c o n d itio n  i n i t i a l l y  and cannot b u t 
g iv e  in c re a se d  r e s is ta n c e  to  f u r th e r  
deform ation*
(b) hard en in g  by in te r a c t io n  o f  d is lo c ­
a t io n s  i s  l e a s t  o v e r sm all d is ta n c e s  
rem ote from d is lo c a t io n  b a r r i e r s ;
(e) th e  a c tu a l  p re ssu re  a t  the  i n i t i a l  
p o in t  o f  in d e n ta t io n  i s  i n f i n i t e  a t
th e  commencement o f  inden ta tion*
A ll  th e se  f a c to r s  co u ld  promote a sequence o f  i n i t i a l  
e x te n s iv e  y ie ld in g ,  fo llow ed by hardening  which v/ould 
v i r t u a l l y  cause th e  Indent© r to  move in  a w ork-hardened 
s h e l l .  A t t h i s  p o in t th e  v a lu e  o f  n would eq u a l 2.
. This , p ic tu re  would in d ic a te  t h a t  logF/logD curves could ' 
bo expected  to  have a  v a r ia t io n  in  th e  d i r e c t io n  o f  la rg e r  
v a lu es  o f  D a t  low lo ad s  than  th o se  c a lc u la te d  from th e  
P e 3£D^  r e la t io n s h ip .
T his sequence o f  ev en ts  se rv e s  to  account f o r  th e  type 
o f  logP/logD  cu rves o b ta in ed  in  th e  p 2 0 se n t experim ents .
I t  m y  be th a t  th e  r e s u l t s  w i l l  e v e n tu a lly  be exp la in ed  by 
some o th e r  mechanism, b u t i t  i s  b e lie v e d  th a t  th e  co n s id e r­
a t io n s  env isaged  in  th e  above ex p lan a tio n  a re  n o n e th e le ss  
v a l id ,  and th a t  such  e f f e c t s  must be p re se n t even i f  on a 
sm a lle r  s c a le .
I t  I s  v e ry  probab le  th a t  th e  precis©  value o f  th e  load  
a t  which changes occur w i l l  m arkedly depend on th e  in te r n a l  
s t r e s s e s  p r e s e n t , and on the  g en e ra l le v e l  o f  hardness o f  
th e  m a te r ia l .  I t  i s  co n s id ered  th a t  w ith  s o f t  m eta ls  th e  
e f f e c t  may n o t be ev id en t u n t i l  very  low loads are  u sed ; 
th e  p re s su re  e f f e c t  on i n i t i a l  in d e n ta t io n  w i l l  be d is s ip a te d  
r a p id ly ,  s in c e  th e  su rfa c e  a re a  o f  th e  in d e n ta t io n  I s  a lre a d y  
a p p re c ia b le  a t  v e ry  low lo a d s .
Very h ard  m a te r ia ls  may a ls o  show very  l i t t l e  e f f e c t
because th e re  i s  l i t t l e  p o s s i b i l i t y  o f  f u r th e r  harden ing  by 
th e  in d e n ta t io n  process#
(E) C onclusion#
The p re se n t ex p erim en ta l r e s u l t s  cm  be co n sid ered  as a 
d e f in i t e  c o n tr ib u t io n  to  th e  th e o ry  o f  m icro-hardness 
t e s t in g .  W ith reg ard  to  th e  u se  o f  low -load e f f e c t s  to  
d i f f e r e n t i a t e  s t r u c tu r e s  In  B ronzes, th e  r e s u l t s  a re  
d is a p p o in tin g ; th e  d if fe re n c e s  th a t  do appear a re  m ostly  
q u a l i t a t i v e ,  and th e  g e n e ra l s im i la r i ty  o f  the  o v e r a l l  
h ardness v a lu e s  o f  many a l lo y s  does n o t a id  s e p a ra tio n  and 
comparison# R e su lts  a t  loads low er th an  50 gm. can 
d e f in i t e ly  n o t be co n s id ered  as capab le  o f  g iv in g  a conven­
t io n a l  h a rd n ess  f ig u re ,  t h i s  be ing  th e  approxim ate load  a t  
w hich v a r ia t io n s  appear#
W hile O r ie n ta t io n  R e su lts  confirm  th a t  a n is tro p y  e x i s t s  
in  some s t r u c t u r e s ,  such no s u i t s  cannot be used  as a means 
o f  d i f f e r e n t i a t i o n  on o th e r  th a n  a  broad b a s is  ( s im ila r  to  
th e  analogous u se  o f  p o la r is e d  l ig h t  on o p t ic a l ly  a n is o tro p ic  
s t r u c tu r e s )  ♦
APPENDIX lb .
CALCULATION OF -jglE EFFECT OF A CHI3SL EDGE OH
ffiC®SS3S. ' “
( I )
The d iagonal nonaally  measured i n  hardness t e s t in g  Is  
(d0 ) {F ig. A ). The projected  surface a re a  i s  r e la te d  to  
th i s  and to  th e  le n g th  o f  th e  s id e  o f  th e  im pression (s0 ) 
a s  fo llo w ss
Assuming, th e  sane dent3a o f  in d e n ta t io n , th e  presence o f  
a c h i s e l  edge o f  le n g th  (k) (P ig . B) w i l l  cause the  measured 
d iag o n a l o f  such  an im pression to  change in  value to  (&m) j
*™~ Assuming t h a t  th e  su rfa c e  a re a  o f  the j&pression remains 
c o n s ta n t n o tw ith s tan d in g  th e  presence o f  the c h i s e l  edge, 
th e re  w i l l  "be a re d u c tio n  in  th e  dep th  o f  p e n e tra t io n , w ith  
an  accompanying re d u c tio n  o f  th e  s id e  o f  the im pression to  
(&\) * The m easured d iag o n a l (dx ) (Pig* G) w i l l  now have 
a  v a lu e  g iv e n  by t
SA s s§  
d | s
(1)
(2)
(IX)
d f s  (s0 ♦ k ) s  + o f
* Ss§ + 2s0k ♦ I;2 . . .  (3)
(IIP
FIG. (b^)
C H I S E L  E D G E  E F F E C T S
C  s (sx * k}2 + s i
* S(sx + k j s x  * ^  **«* (4)
S ince i t  has been assumed t h a t  th e  su r fa c e  a re a s  o f  
Figs# .A and C a r e  c o n s ta n t i t  fo llow s th a t*
SA « sg * (sx  + k ) ax  ***** (5) and {1}
E lim in a tin g  (&x) by s u b s t i tu t in g  Eq (3) in  Eq (4) :
0  *^5 o
*■%£ ** ^Sq k^ #**■****#»**# (o 5
The H ardness v a r ia t io n  to  bo expected  as an  e r r o r  due 
to  c h i s e l  edge o f  fo o ts  can  mm bo o b ta in ed  by u s in g  th e  
norm al hard n ess re la tio n s h ip *
H ® eP/D2 *,♦****,* ******* (?)
Whan th e  c o r r e c t io n s  to  be made- on th e  b a s is  o f  
E quations (3) and (©) a re  compared I t  i s  seen t h a t  th e  v a lu e s  
o f  & & 2  a r e  r e s p e c t iv e ly :
& dS g> k*^  ♦ Es^k #•*•***** (3) *• (2)
& d$ aa k^ »*»«»*#«»»♦#**♦* {©) ** (2 ) 
file  r e l a t i v e  e f f e c t s  o f  th e s e  c o r re c t io n s  can bo 
examined f o r  a  c h i s e l  edge o f  le n g th  X and th e o r e t i c a l  
d ia g o n a l m easurements o f  15 and 5 ( fa b le  I*\r) ♦
m A p f «  T~ ?
J . ' - K . , ! ' !  I ± J i ! *
„ o o
S f t %
o
f t * ■fJu30*w * 2b n
.-O
t i g
o * 5?
&
1 5
o . - i r ,(.-t f..<v7 1 1 2 * 5 1 0 * 5 3 1
r><*> O* £.■' r*,y? r? o  f  « »-JwU 1 0 ' J o . 5 d
5 C>rt 1 2 * 5 3 * 5 4 1
o  *1 W* 4*
ATO *> « 4> E G
•grr.fiTO O '-j 4 ? a
^ c ! ? 1 le ad s  to  q u ite  ex tons It© c o r r e c t  ions being  n ec essa ry  
a t  d iam ete rs  in  th e  range 15~20yU > and v ery  la rg e  c o r re c t io n s  
a t  low er values*  A d§ d im in ishes ra p id ly  w ith  in c re a s in g  
s iz e  o f  im pression* being  o f  n e g l ig ib le  im portance above 
20/a • The c o r r e c t io n  a t  sm all d iam eters i s  ranch le s s  th an  
f o r  A &§.
XiX
N e ith e r  type  o f  c o r re c t io n  seems adequate to  account f o r
r e s u l t s  o b ta in e d  on b ro n zes , where th e  c o r r e c t io n  n ecessa ry
to  b r in g  th e  r e s u l t s  in to  l in e  w ith  the hardness law
H s cP/Ds  needs to  be n e g l ig ib le  above 20-30 gm and ex ten s iv e
o
below t h i s  range o f  loads* A p p lic a tio n  o f  A d  ^  le ad s  to  
e r ro r s  a t  h ig h  m ic ro - lo a d s , and A d f  i s  inadequate  a t  low er 
loads#
I t  i s  f e l t  th a t  the  su r fa c e -a re a  c r i t e r i o n  i s  l ik e ly  
to  be v a l id  and a c o r r e c t io n  o f  only  4S a t  5/* would seem 
to  in d ic a te  th a t  ch ise l* ed g e  e f f e c t s  a re  n o t re sp o n s ib le  
f o r  th e  in c re a se d  s iz e  o f  im pressions a t  low loads in  
n i c 3?o-hardness t e s t i n g .
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APPENDIX I I I .
IJSVESTIGATIOB IOTO THE ELECTROLYTIC P0LI3HI® OP
— .in . . .  n tr- trT n rr-rm —wrrrrr'tiim i <iin>n ■piuwr-iiirwnr-*ri<*».n nw n  > i jn .m n  m m u — r  tr  'nrrurvi tit* hijm inn m m  ~i« inn ini rnrim    i n  
1. Pure Cu and s in g le -p h a se  b ra s se s  can bo p o lish ed  
u s in g  an e l e c t r o ly te  o f  66% Phosphoric Acid and M% 
d i s t i l l e d  w a te r . However, b ronzes w ith  as  l i t t l e  a s
4%Sn c o n te n t become coa ted  w ith  a  b lack  f ilm  and e tc h  h e a v ily  
in  th e  same e le c tro ly te *
2. A BNFRA R esearch Groups®  considered  th e  f ilm  to  
be due to  stannous phosphate and th e re fo re  experim ented 
w ith  e l e c t r o ly t e s  c o n ta in in g  a  m in e ra l a c id  (II2 SO4 ) in  o rd e r  
to  d is s o lv e  th e  film * The amount o f  a c id  re q u ire d  to  
p rev en t th e  f ilm  form ing in c re a se d  ra p id ly  w ith  the  t i n  
c o n te n t o f  th e  b ro n ze , 2 0 % being  n ecessa ry  fo r  a 9$ b ronze. 
W ith t h i s  q u a n t i ty  o f  a c id ,  In te r fe re n c e  w ith  p o lis h in g  
from a n o th e r  so u rc e , p i t t i n g ,  became im portan t. A lloys o f  
h ig h e r  Sn% were n o t in v es tig a ted *
PRESENT RESEARCH*
3 . The mechanism o f  e l e c t r o ly t i c  p o lis h in g  may be due 
to  h ig h  r e s is ta n c e  f ilm 3  o f  e i t h e r  gaseous o r  l iq u id  
c h a ra c te r3*33. Phosphoric a c id  produces the  f i r s t  (gaseous) 
ty p e , and Chromic a c id  th e  second. The c h a r a c te r i s t i c s  o f
th e se  f ilm s  a re  n o t w e ll known, b u t th e  gaseous type le ad s  
to  slow b u t c o n tro l le d  p o lis h in g , .w hile th e  l iq u id  type 
tends to  much f a s t e r  b u t i r r e g u la r  po lish ing*  I t  was 
th e re fo re  d ec ided  to  t r y  a m ix tu re  of. th e  two re a g e n ts , 
adding a ls o  H2 SO4 . to  a id  rem oval o f  phosphate f i lm s . ISxcossive 
a d d itio n s  o f  Chromic a c id  were thought to  be l i a b le  to  c re a te  
a  s o lu t io n  cap ab le  o f  e tc h in g  p e r  s e , a v ery  u n d e s ira b le  
f e a tu r e ;  th e  e l e c t r o ly te s  were th e re fo re  based la rg e ly  on 
Phosphoric acid* Two o th e r  a d d it io n  agen ts  were used : 
G lycerine  to  d ec rease  the  c o n d u c tiv ity  o f  the s o lu t io n  and 
ren d e r  th e  p o lis h in g  f ilm  more r e s i s t a n t  to  breakdown, and 
A ce tic  a c id ,  w hich has been quoted  a s  s t a b i l i s i n g  p o lis h in g  
film s*
Com position o f  E le c tro ly te  1-
Phosphoric Acid . . . .  45$
S u lp h u ric  Acid . . . .  15$
W ater  .............  15$
A ce tic  Acid 10$
G ly cerin e   .............    7*5$
Dichromic Acid . . . . . .  7 .5$
4 . A lthough some success was o b ta in ed  by s e t t in g  
d i r e c t  v o lta g e s  o f  approx im ately  1 .7  v o l t s ,  r e s u l t s  were 
n o t rep ro d u c ib le  by v o lta g e  c o n tro l  a lo n e , and an  ammeter 
was p laced  in  th e  c i r c u i t .  I t  was no ted  th a t  tho  c u r re n t 
d e n s ity  v a r ie d  v e ry  g r e a t ly  w ith  a p p lie d  v o lta g e  in  the  
v i c i n i t y  o f  1 . 7  v o l t s ,  accoun ting  fo r  s c a t te re d  r e s u l t s  
o b ta in ed  p re v io u s ly .
5* The g e n e ra l  r e s u l t s  o f  c u r re n t d e n s ity  and v o lta g e  
chocks d u rin g  p o lis h in g  in d ic a te d  th a t  f o r  p o lis h in g  to  
o ccu r, a drop o f  v o lta g e  to  approx im ately  0*25 must b© 
im m ediately  e v id e n t on making th e  c i r c u i t  com plete. Should 
th e  d ec rease  bo fo llow ed by an in c re a se  back to  the  s e t  
v o lta g e , no a c t io n  was observed in  th e  b a th , and th e  c u r re n t  
d e n s ity  was observed to  be p r a c t i c a l ly  n i l .  P o lish in g  on ly  
occu rred  when th e  v o lta g e  s te a d ie d  around 0 .7 5 -0 .9 5  a f t e r  
th e  i n i t i a l  drop to  0 .25 . Tho accompanying c u r re n t d e n s i t ie s  
were observed  to  be h ig h e s t w ith  low v o lta g e s  (M dropped 
v o lta g e s  11) and h ig h e r  as thcs i n i t i a l  s o t  v o lta g e  was 
In c rea sed .
The r a t e  w ith  which th e  v o lta g e  in c reased  a f t e r  th e  
I n i t i a l  drop  In c reased  w ith  In creased  a p p lie d  v o l ta g e , th e  
s te ad y  v o lta g e  a ls o  in c re a s in g . Beyond a c e r t a in  l i m i t ,  
however, th e  p e rio d  o f  s te ad y  v o lta g e  became v e ry  much reduced , 
and a surge tow ards v a lu es  eq u iv a le n t to  the  i n i t i a l  v o lta g e  
o ccu rred  to g e th e r  w ith  a drop in  c u r re n t d e n s ity  tow ards ze ro .
Heavy E tch ing  and P i t t i n g  were a s s o c ia te d  w ith  time 
sp en t u n d er c o n d itio n s  o f  low v o lta g e  and h igh  c u r re n t 
density#  P i t t i n g  decreased  g ra d u a lly  as th e  s te ad y  voltag©  
in c re a s e d , b u t e tc h in g  c u t o f f  a b ru p tly  a t  a c e r t a in  v a lu e  
o f  th e  s te ad y  v o lta g e . Under c e r t a in  c o n d itio n s  e tc h  p i t s  
were o b ta in ed  (F ig . 70)•
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P o lish in g  took  p lace  to  some degree under a l l  c o n d itio n s , 
b u t v ery  slow ly  Indeed a t  h ig h  v o lta g e s  and low c u r re n t 
d e n s i t i e s .  The co n d itio n s  which a re  conducive to  ra p id  
p o lis h in g  and minimum e tch in g  and p i t t i n g  a re  th e re fo re  
r e s t r i c t e d  to  a  narrow band o f  v o lta g e  and c u r re n t d e n s ity . 
F u r th e r ,  a lth o u g h  th e  s te ad y  v a lu es  may be w ith in  the  optimum 
ra n g e s , th e  tim e spen t in  a t ta in in g  s te ad y  v a lu e s  p lays an 
Im portan t r o le ,  as  tim e i s  v i r t u a l ly  sp en t in  co n d itio n s  
le a d in g  to  .e tch ing  and p i t t i n g .
A lte r in g  th e  i n i t i a l  v o lta g e  in  such a way as to  in c re a se  
th e  rat©  o f  v o lta g e  movement up to  th e  s tead y  v a lu e  
u n fo r tu n a te ly  a ls o  d ec re ase s  th e  time sp en t a t  th e  s te ad y  
v a lu e  b e fo re  su rg in g .
A lte r in g  th e  com position  o f  the  s o lu t io n  by sy s te m a tic ­
a l l y  add ing  th e  v a rio u s  c o n s t i tu e n ts  in  v a rio u s  q u a n t i t ie s  
had l i t t l e  e f f e c t  on th e  q u a l i ty  o f  th e  p rocess ta k in g  p la c e , 
and e i t h e r  r e a c t io n  o r  a b s o lu te ly  no e f f e c t  o ccu rred .
S u lp h u ric  a c id  was shown to  be e s s e n t i a l  to  the  i n i t i a l  v o lta g e  
drop and h ig h  c u r r e n t  d e n s ity . A cetic  a c id  appeared  to  have 
l i t t l e  e f f e c t .  G lycerine in c reased  th e  r a te  o f  approach 
o f  th a  s tead y  v a lu e ,  bu t d id  v ery  l i t t l e  s t a b i l i s i n g .
G ly cerin e  a ls o  e f f e c t iv e ly  reduces chromic a c id  to  chromium 
s a l ts *
An im p o rtan t e f f e c t  i s  th e  s e n s i t i v i t y  o f  th e  p ro cess  
and e s p e c ia l ly  th e  i n i t i a l  v o lta g e  drop on the  cathode 
c o n d itio n . S ta r t in g  w ith  a s t a in le s s  s t e e l  s u r fa c e , no drop 
can be o b ta in ed  u n t i l  a copper d e p o s it covers th e  whole 
su rface#  A copper cathode w i l l ,  however, no t fu n c tio n  
u n t i l  an  In c u b a tio n  p eriod  has p assed , so th a t  some o th e r  
f a c to r  must e n te r  in to  th e  q u e s tio n , probably a gas film  
on th e  ca thode.
I t  proved Im possib le  to  produce a s o lu t io n  In c o rp o ra tin g  
a h ig h  r a t e  o f  v o lta g e  in c re a se  up to  a s tead y  v a lu e  and 
m aintenance o f  th e  s te ad y  value fo r  an  a p p rec iab le  amount o f  
time# The only  a l t e r n a t iv e  has been to  s e t  an I n i t i a l l y  
h ig h  v o l ta g e , o b ta in  th e  h ig h  r a t e  o f  v o lta g e  in c re a s e , and 
t h r o t t l e  back to  a low er s e t  v o lta g e  on approaching  the  
s te ad y  v o lta g e  v a lu e .
T his procedure does n o t g ive an in d e f in i te  perio d  a t  
s tead y  v o l ta g e , b u t I t  a llow s 10*15 rnns, and t h i s  i s  
adequate  f o r  p o lis h in g  about 60-70 mm^ *
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